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Epidemiological research has identified thigh musculature and knee ligament injuries 
are of most concern in professional soccer. With strength identified as a modifiable 
risk factor, isokinetic dynamometry has become a popular means of injury screening. 
However, isokinetic assessments are criticised based on their lack of functional 
relevance to injury aetiology. Study one describes isokinetic screening of the thigh 
musculature in an elite cohort of male soccer players assessed at 60, 180 and 270º·s-
1 across four knee joint angles (70-40°). This study identified strength characteristics 
were velocity and angle dependent, advocating the use of novel metrics and a range 
of angular velocities for future isokinetic screening. Study two identified these 
procedures of assessment were modifiable during late stage rehabilitation of an elite 
soccer player. When considering the influence of gender and age on lower limb injury 
incidence, studies three and four identified the proposed isokinetic procedures were 
sensitive to differences in playing age between male and female youth and adult 
soccer players. In addition to isokinetic assessments, kinematic analysis of functional 
movements were completed. Study five comprised kinematic (sagittal and frontal 
planes) assessment of single leg hop and change of direction tasks performed using 
sidestep and crossover techniques with female soccer players. When considering 
previous criticisms of isokinetic testing not being functionally relevant, the knee angles 
and angular velocities identified in study five were used to predict knee flexor and 
extensor torque expressed by knee joint angle and velocity (study six). Study seven 
compared the predicted strength values to the knee joint moments exhibited during 
the hopping tasks. Strength assessments should use joint angle and velocity to profile 
musculature strength with increased functional relevance, and may identify additional 
training needs. These studies also allow strength profiling during the completion of 
functional tasks that may inform increasingly specific interventions.  
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The epidemiology and aetiology of injury in association football (soccer) has been 
well documented (LeGall et al. 2006, 2008; Hartmut et al. 2008; Ekstrand et al. 2011; 
Ekstrand et al. 2013; Hägglund et al. 2013; Waldén et al. 2013; Ekstrand et al. 2016; 
Renshaw and Goodwin, 2016). Previous observations have identified that knee flexor 
and anterior cruciate ligament (ACL) injuries are of most concern due to the high 
incidence and severity of these injuries, respectively (Brophy et al. 2012; Waldén et 
al. 2011; Ekstrand et al. 2011; Ekstrand et al. 2013; Hägglund and Waldén, 2015; 
Bahr, Clarsen and Ekstrand, 2017). However, previous research concerning injury 
risk has primarily focused on senior aged male soccer players (Ekstrand et al. 2013; 
Hägglund et al. 2013; Waldén et al. 2013; Ekstrand et al. 2016), despite youth and 
female soccer players are also predisposed to knee flexor and ACL injuries (LeGall 
et al 2006, 2008; Hartmut et al. 2008; Ekstrand et al. 2011). Furthermore, female 
soccer players are predisposed to a greater number of ACL injuries when compared 
to males (LeGall et al. 2008; Harmut et al. 2008; Waldén et al. 2011) which is 
increasingly prevalent in youth female soccer players aged 15-19 years (Renstrom et 
al. 2008; Hägglund and Waldén, 2015). Despite the large body of research and 
advancements made in sport science, there has been no decline in the incidence of 
thigh musculature and knee ligament injuries in senior aged professional male soccer 
players (Ekstrand et al. 2013; Waldén et al. 2015). These observations may also be 
consistent for youths and female soccer players, thus there appears a need to further 
develop screening methods that are designed to inform exercise prescription for the 
reduction of potential injury risk. 
 
Knee flexor (KF) and knee extensor (KE) strength has been identified as a modifiable 




imbalances being associated with injury risk (Askling et al. 2003; Croisier et al. 2008; 
Fousekis et al. 2011; Petersen et al. 2011; van der Horst et al. 2015; Augustsson and 
Ageberg, 2017; Attar et al. 2017; Lee et al. 2017). Strength characteristics of KF and 
KE are commonly assessed and determined using isokinetic dynamometry in soccer 
players (Dauty et al. 2003; Zakas, 2006; Fousekis, Tsepsis and Vagenas, 2010; 
Fousekis et al. 2011; Jenkins et al. 2012; Manson et al. 2014) and considered as the 
criterion measure for muscular strength (Stark et al. 2011). However, previous 
prospective studies have yielded equivocal in senior aged male soccer players for 
predicting KF injuries (Croisier et al. 2008; Lee et al. 2017; Van Dyk et al. 2016, 2017; 
Bakken et al. 2018) and may be attributed by the methods used to characterise 
strength (El-Ashker et al. 2015; De Ste Croix et al. 2017). 
 
Injury risk in soccer is associated with movements that place large mechanical 
demands upon the lower limbs (Proske et al. 2004; Bloomfield et al. 2007; Small et 
al. 2010). With specific reference to the KF, previous observations have identified that 
high-intensity running and sprinting tasks are associated with increased injury risk to 
these musculature (Hawkins and Fuller, 1999; Woods et al. 2004; Malone et al. 2018). 
Furthermore, deceleration, landing and change of direction tasks are associated with 
increased knee ligament injury risk (Hewett et al. 2005; Kristianslund and Krosshaug, 
2013; Fox et al. 2017; Leppänen et al. 2017). The completion of the aforementioned 
tasks also exhibit increased knee extension angles and velocities (Kivi, Maraj and 
Gervais, 2002; Wang, 2011; Nedergaard et al. 2014), thus It can be suggested that 
these movements should inform methods used to characterise isokinetic strength of 
the KF and KE in relation to injury risk. Specifically, determining precise knee joint 
angles and velocities exhibited during biomechanical assessments of functional tasks 




considerations may enhance the specificity of strength assessments that are 
informed by quantifying thigh musculature strength values during the completion of 
movements associated with KF and ACL injuries in soccer players. Consequently, 
this may also identify if the thigh musculature are disproportionate to the moments 
placed upon the knee joint, and may have implications for increased injury risk 
(Shimokochi et al. 2009; Podraza and White, 2010; Hewett et al. 2010; Leppänen et 
al. 2017). These considerations may also determine strength discrepancies of the 
thigh musculatures where KF and ACL injuries are suggested to occur (Boden and 
Dean, 2000; Olsen et al. 2004; Chumanov et al. 2012; Higashihara et al. 2015). 
 
1.2 Thesis Aims and Structure  
The thesis comprises seven experimental studies, presented across two Sections. 
Section A has a focus in the critical examination of isokinetic dynamometry in 
assessing eccentric KF (eccKF) and concentric KE (conKE) strength. At the outset of 
the PhD, contemporary isokinetic dynamometry analysis was typically summarised 
as peak torque, and associated strength ratios (Van Dyk et al. 2016, 2017; Bakken et 
al. 2018). Although these metrics determine absolute strength and imbalances of the 
thigh musculature, peak torque for the KF and KE occur at different knee joint angles 
(Cohen et al. 2015; El-Ashker et al. 2015; De Ste Croix et al. 2017), and does not 
characterise strength where injury risk is increased (Boden and Dean, 2000; Olsen et 
al. 2004; Chumanov et al. 2012; Higashihara et al. 2015). Furthermore, procedures 
associated with isokinetic dynamometry have commonly adopted low testing 
velocities to characterise thigh musculature strength, particularly in the assessment 
of eccKF, despite KF and ACL injury risk being increased at higher angular velocities 




The first study of the thesis is concerned with the procedures and analytical 
approaches used to assess bilateral isokinetic strength characteristics of eccKF and 
conKE in senior aged professional male soccer players across a variety of knee joint 
angles and velocities. These procedures subsequently determined the late stage ACL 
rehabilitation responses in a male soccer player across a variety of knee joint angles 
and velocities from the same cohort of players. The control group were used to 
approximate a return-to-play baseline, and identify the modifiable nature of thigh 
musculature strength, relative to knee joint angle and velocity. Since youth soccer 
players are also predisposed to an increased injury risk when compared to senior 
aged players (Hewett et al. 2004, 2015; Van Der Sluis et al. 2014, 2015), youths may 
possess different strength characteristics of the thigh musculature (Gür et al. 1999; 
Kellis et al. 2001). Furthermore, female soccer players are also predisposed to KF 
injuries (LeGall et al. 2008; Harmut et al. 2008), in particular to ACL injuries (Renstrom 
et al. 2008; Waldén et al. 2011; Hägglund and Waldén, 2015), thus these cohorts of 
players may also display different strength characteristics of the thigh musculature 
that may influence injury risk. Therefore, Section A of the thesis is also concerned in 
comparing the defined isokinetic strength metrics of the eccKF and conKE in soccer 
players with pronounced differences in training history and exposure. These studies 
are concerned with identifying thigh musculature strength characteristics between 
senior and youth soccer players, relative to gender and lower limb, with implications 
for injury risk. 
 
The following section of the thesis comprises of three experimental studies that are 
designed to investigate the potential to inform further methods of determining thigh 
musculature strength. These studies are designed to provide greater functional 




mechanisms of injury. Given the exacerbated risk of ACL injuries in senior and youth 
female soccer players (Renstrom et al. 2008; Waldén et al. 2011; Hägglund and 
Waldén, 2015), section B of the thesis focuses on these cohorts of players. Section 
B of the thesis initially presents a kinematic analysis of functionally relevant 
movements associated with injury between senior and youth female soccer players. 
This kinematic analysis focuses on knee joint angles and angular velocities that were 
subsequently used to inform further methods of determining thigh musculature 
strength, relative to playing age of the female soccer player. The knee joint angles 
and velocities exhibited during the completion of these functional tasks were used to 
quantify thigh musculature strength values and subsequently compared between 
female soccer playing age. Thereafter, these strength values were compared against 
the knee joint moments exhibited during the completion of these tasks to identify if 
the thigh musculature are sufficiently developed to dissipate these large forces, 
relative to female soccer playing age. 
 
Although previous literature has commonly quantified the strength characteristics of 
the thigh musculature in elite soccer populations, these studies do not appropriately 
consider the influence of joint angle and velocity on isokinetic strength metrics. These 
approaches may be more appropriate for characterising thigh musculature strength 
in elite cohorts of soccer players by quantifying strength metrics at knee joint angles 
and velocities associated with injury. Such contemporary approaches in isokinetic 
strength assessments have not been previously explored in professional cohorts of 
soccer players, and warrants further research. The associated metrics may be 
modifiable during an appropriate training stimulus in an injured population, and 
identify additional strength training needs of youth soccer players when compared to 




relevant knee joint angles and velocities may subsequently be used to quantify thigh 
musculature strength during the completion of functional tasks. In turn, these 
procedures may help practitioners to identify specific player training needs and 
subsequently inform exercise prescription that may aid the reduction of potential injury 
risk. The overall aim of the thesis is to further develop the procedures and analytical 











The aims of the literature review are to identify incidence, severity, and risk factors 
associated with thigh musculature and knee ligament injuries in elite soccer players, 
and how considering specific injury aetiology can inform design of screening methods. 
The first section (Section 2.2) of the literature review highlights different injury 
prevention frameworks detailing how and where the thesis is placed in reference to 
these models. Section 2.3 identifies the epidemiology of soccer injuries that is 
specifically concerned with incidence and severity. Thereafter, Section 2.2 discusses 
the mechanisms associated with KF and ACL injuries to inform critical discussion of 
common screening methods. Section 2.4 will review the non-modifiable and 
modifiable risk factors of injury. Specifically, previous injury is a non-modifiable risk 
factor that is associated with increased future injury risk, and highlights the need to 
prevent primary injuries. Age and gender are also primary non-modifiable risk factors 
for injury, and have particular implications for injury risk in soccer due to the 
professionalisms of these groups of players. Strength is a primary modifiable risk 
factor for injury that is influenced by playing age and gender, and commonly 
characterised using isokinetic dynamometry. Knee biomechanics is also a modifiable 
risk factor for injury, and influenced by playing age and gender. Therefore, Section 
2.5 considers how assessments of thigh musculature strength and knee 
biomechanics should be specific to the mechanisms associated with injury. 
 
2.2 Summary of Injury Prevention Frameworks 
Injury risk screening in sport is commonly conducted to identify individuals who may 
or may not present signs or symptoms associated with specific injuries (Bahr, 2016). 
Screening for injury risk in sport forms an integral aspect of injury prevention 
frameworks that attempt to better understand and reduce injury risk (Van Mechelen 
et al. 1992; Finch, 2006; Meeuwisse et al. 2007; Roe et al. 2017). Although previous 
10 
 
literature has been unable to agree upon an optimal framework in relation to injury 
risk reduction, these models are proposed to aid the reduction of injury risk in sport. 
Whilst these injury prevention frameworks have developed over recent years, these 
models consistently stress the importance of determining injury incidence and their 
associated risk factors, and using this information to inform preventative measures. 
However, as injury incidence remains a contemporary issue in elite cohorts of soccer 
players (Waldén et al. 2015; Ekstrand et al. 2016), there consequently appears a 
need to better practices that attempt to identify and reduce injury risk.  
 
Although the aforementioned injury frameworks stress the importance of determining 
risk factors of injury, less attention has been afforded to injury risk screening. The 
inclusion of injury risk screening has now been included in a recent injury prevention 
framework in order to better understand the physical characteristics of an athlete (Roe 
et al. 2017). In turn, the inclusion of injury risk screening enables practitioners to 
identify if an athlete(s) demonstrates symptoms of suggested injury risk factors 
reported by previous literature. Conversely, failure to adopt screening tests would 
leave potential discrepancies undetected which may have implications for injury risk, 
and should therefore be considered in injury prevention frameworks. Although the 
efficacy of screening tests, such as isokinetic dynamometry, has been previously 
questioned in for injury risk screening risk in elite cohorts of soccer players (Bahr, 
2016; Van Dyk et al. 2016; Green et al. 2018), such assessments are still advocated 
since strength is a modifiable risk factor for injury (Croisier et al. 2008; Van Dyk et al. 
2016; Lee et al. 2017; Verhagen et al. 2018). Further literature also suggests that 
these observations may be a result of the procedures and metrics used to classify 




The criticisms associated with isokinetic dynamometry may be related to the claimed 
lack of functional relevance (De Ste Croix et al. 2017), thus the efficacy of this 
screening tool may be enhanced by ensuring that these procedures are relevant to 
specific injuries and the associated sporting demands. As such, these considerations 
may enable athlete strength profiling with increased functional relevance and 
specificity. Therefore, including these considerations within injury risk screening as 
part of an injury prevention framework may more appropriately identify discrepancies 
and injury risk. In turn, data derived from injury risk screening can then be used to 
inform preventative measures and highlight training needs to reduce the risk of injury. 
The inclusion of injury risk screening consequently enables practitioners to better 
manage athletes and select the most appropriate method of correcting specific 
discrepancies (Roe et al. 2017). Moreover, the screening process may be repeated 
to identify the responses of preventative measures that can be subsequently used 
refine or adapt prescribed exercises. Therefore, this thesis is focused with reference 
to muscular strength profiling, and how screening practices associated with isokinetic 
dynamometry can be used with enhanced specificity to injury mechanisms and 
sporting demands.  
 
To increase the functional relevance of muscular strength assessments, the 
interaction of contraction mode, angular velocity and joint angle must be determined 
and related to movements associated with injury. As it has been suggested that 
muscular strength is influenced by contraction mode, angular velocity and joint angle 
(Ayala et al. 2013; Evangelidis et al. 2015; De Ste Croix et al. 2017), these factors 
should be considered when quantifying muscular strength. By establishing these 
responses, muscular strength may subsequently be quantified at specific contraction 
modes, angular velocities and joint angles during movements associated with thigh 
musculature and knee ligament injuries with enhanced functional relevance. 
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However, contraction mode, angular velocity and joint angle are not typically 
considered concurrently when determining thigh musculature strength in elite soccer 
populations. As such, isokinetic dynamometry is required to sufficiently understand 
the interaction of contraction mode, angular velocity and joint angle in elite cohorts of 
soccer players in order to make inferences of thigh musculature strength during the 
completion of functional tasks. Based on these responses, thigh musculature strength 
may be quantified during the completion of functional tasks as a function of knee joint 
angle and angular velocity. The knee joint angles and angular velocities exhibited 
during the completion of functional tasks can be quantified via kinematic analysis, and 
may consequently be used to make inferences of thigh musculature strength. Since 
muscular strength is a primary modifiable risk factor for injury (Fousekis et al. 2011; 
Petersen et al. 2011; van der Horst et al. 2015; Augustsson and Ageberg, 2017; Attar 
et al. 2017), increasing the functional relevance of strength assessment may better 
identify potential risk factors for injury, and in turn can be used to inform preventative 
measures to aid the reduction of injury risk.  
 
 
2.3 Epidemiology of Soccer Injuries 
Injury Incidence and Severity 
Epidemiological observations have identified that soccer players encounter ~3 to ~8 
injuries per 1000 hours of exposure to soccer specific activity (LeGall et al. 2008; 
Ekstrand et al. 2009; Hägglund et al. 2009; Hartmut et al. 2010). Further observations 
also identify that ~83 to ~92% of total injuries are attributed to the lower extremities, 
where the thigh and knee regions account for ~45% (Hawkins and Fuller, 1999; 
LeGall et al. 2006; Tegnander et al. 2008; Ekstrand et a. 2009; Hartmut et al. 2010; 
Renshaw and Goodwin, 2016). Moreover, these aforementioned studies identifies of 
these injuries that commonly occur (~70%) without direct physical contact. Previous 
literature have also identified that the incidence of soccer injuries is significantly 
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higher in elite players when compared to amateurs, and likely to be influenced by 
increased exposure (van Beijsterveldt et al. 2015). Overall injury incidence in elite 
cohorts of soccer players appears to be highest during match play, and likely to be 
influenced by increased demands when compared to training (Ekstrand et al. 2013; 
Hägglund et al. 2013; Waldén et al. 2013; Ekstrand et al. 2016). Although previous 
literature have primarily focused on injury incidence in senior aged male soccer 
players (Ekstrand et al. 2011, 2013; Hägglund et al. 2013; Waldén et al. 2013; 
Ekstrand et al. 2016) youths (aged 15-19 years) and females are also predisposed to 
increased injury risk during soccer match play, as identified in Table 2.1. The 
observed increased incidence in youth soccer players are attributed to the effects of 
adolescent growth (Hewett et al. 2004, 2015; Van Der Sluis et al. 2014, 2015), and 
will be further discussed in the forthcoming sections. These data suggest further 
attention should also be afforded to youth and female soccer players. 
 
Table 2.1 
Overall Injury Epidemiology: Gender and Age Specific (Match Hours) 
 
Study Players Injury Incidence   
Ekstrand et al. (2011) Male Senior ~8/1000 hours   
Le Gall et al. (2006) Male Youth ~10/1000 hours   
Hartmut et al. (2010) Female Senior ~18/1000 hours   
Le Gall et al. (2008) Female Youth ~23/1000 hours   
 
Further epidemiological observations have identified that KF muscular strains are the 
single most common injury identified across soccer playing ages and gender, 
accounting for ~35% of all injuries (LeGall et al 2006, 2008; Hartmut et al. 2008; 
Ekstrand et al. 2011). These aforementioned studies also identified that KF injuries 
are most commonly located on the dominant lower limb. However, when considering 
that youth and female soccer players possess a similar proportion of KF injuries, but 
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possess an increased injury risk due to strength imbalances and maturational 
changes, it could be assumed that youth and female soccer players obtain more KF 
injuries when compared to senior aged males. Therefore, these cohorts of players 
should also be afforded increased attention in relation to injury risk reduction, despite 
previous literature focusing on senior aged males. These suggestions have additional 
importance for female soccer players who are approximately three times more likely 
to suffer traumatic injuries such as ACL injury when compared to their male 
counterparts (LeGall et al. 2008; Harmut et al. 2008; Waldén et al. 2011), with this 
response being further increased in youth females (Renstrom et al. 2008; Hägglund 
and Waldén, 2015). Further observations have also identified that the non-dominant 
limb suffers an increased number of ACL injuries when compared to the dominant 
limb, irrespective of playing age (Brophy et al. 2010; Hägglund and Waldén, 2015).  
 
As identified in the latest Union of European Football Associations injury audit in 
professional male soccer players (Ekstrand et al. 2016), the incidence of KF injuries 
have increased annually by 4% between 2001-2014. Moreover, knee ligament injury 
incidence professional male soccer also elicited a similar response between 2001 
and 2005 (Waldén et al. 2015). When considering youth and female soccer players 
have reduced sport science support relative to senior aged males, it could also be 
surmised that injury incidence remains a concern in these cohorts of players. The 
observations in professional male soccer indicate that despite the advancements in 
sport science and medicine, KF and ACL injuries remain a concern. This has 
particular importance when considering the prevalence of KF and knee ligament 
injuries across soccer playing ages and gender. Although injury incidence has been 
commonly used in previous literature to identify injury risk in elite cohorts of soccer 
players (LeGall et al. 2006, 2008; Harmut et al. 2008; Waldén et al. 2011; Ekstrand 
et al. 2011; Ekstrand et al. 2013; Hägglund et al. 2013; Waldén et al. 2013; Ekstrand 
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et al. 2016), the severity of specific injuries also require determining to ascertain 
impact of injury, relative to playing age and gender. Thus, the ways in which 
practitioners and researchers identify and reduce injury risk may not be sufficient 
across different ages and genders of soccer players. 
 
Epidemiological studies consistently use injury incidence to identify the impact of 
specific injuries related to soccer match-play (LeGall et al. 2006, 2008; Harmut et al. 
2008; Waldén et al. 2011; Ekstrand et al. 2011; Ekstrand et al. 2013; Hägglund et al. 
2013; Waldén et al. 2013; Ekstrand et al. 2016). However, it has been recently 
suggested that the combined effect of injury incidence and severity should both be 
considered for identifying injury impact (Figure 2.1) (Bahr, Clarsen and Ekstrand, 
2017). These recent recommendations were advocated based on epidemiological 
observations between 2001-2016 in senior aged professional male soccer players 
(Ekstrand et al. 2013; Hägglund et al. 2013; Waldén et al. 2013; Ekstrand et al. 2016), 
and concluded that KF and ACL injuries are the highest priorities for injury risk 
reduction. For instance, although KF injuries are prevalent across playing ages and 
gender, average time loss for grade I, II and III tears are 17, 22 and 73 days, 
respectively, in professional male soccer players (Ekstrand et al. 2012). As such, it 
could be suggested that KF injuries do not possess a prolonged injury burden. With 
regards to ACL injuries, it has been identified that average time loss is ≥ 200 days in 
both male and female soccer players (Brophy et al. 2012; Bahr, Clarsen and 
Ekstrand, 2017), but possess a match play incidence of only ~5-8% for males and 
females, respectively (Faude et al. 2005; Hägglund, Waldén and Ekstrand, 2009; 
Waldén et al. 2010, 2011). It can therefore be assumed that the burden of KF injuries 
in youth and female soccer players would also be of concern to players and 
practitioners alike. Furthermore, since female soccer players are at an increased risk 
of ACL injury and possesses a prolonged absence (Renstrom et al. 2008; Hägglund 
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and Waldén, 2015), the burden of these injuries would be increased in these cohorts 
of players, in particular to youth females. Therefore, there appears a need to prioritise 
the reduction of injury risk of KF and ACL injuries across soccer playing ages and 
genders.  
 
Figure 2.1 illustrates the combination of injury incidence and severity in professional senior 
aged soccer players. The darker colour denotes a larger injury burden (Bahr, Clarsen and 
Ekstrand, 2017). 
 
Mechanisms of Knee Flexor Injuries  
The occurrence of KF injuries are associated with specific movements commonly 
performed during soccer match-play, such as running and change of direction tasks 
(Hawkins and Fuller, 1999; Woods et al. 2004). For example, high-intensity running 
and change of direction tasks are suggested to account for ~60% of all KF injuries in 
professional male soccer players (Hawkins and Fuller, 1999; Woods et al. 2004), 
where the biarticular nature of these musculature subsequently increase muscular 
strain (Thelen et al. 2005; Guex and Millet, 2013). Although these data presently do 
17 
 
not exist in youth male or female soccer players, it could be assumed that high 
volumes of running and change of direction activities may also influence KF injury risk 
in these cohorts of players. As the high-intensity distances and directional changes 
completed during soccer match play are comparable relative to playing age and 
gender (Taylor et al. 2017) suggests that these cohorts of players are exposed to 
similar proportions of movements associated with KF injuries.  
 
During the completion of high-intensity running and directional changes, it is 
suggested that the terminal swing phase of these movements increase KF injury risk 
(Kivi, Maraj and Gervais, 2002; Thelen et al. 2005; Guex and Millet, 2013). 
Specifically, the terminal swing phase of high-intensity running and directional 
changes (Figure 2.2) are coincident with peak elongation stress of the musculature 
coupled with increased angular velocities (Kivi, Maraj and Gervais, 2002; Thelen et 
al. 2005; Guex and Millet, 2013), and a likely cause of injury to the myotendinous 
junction (Koulouris et al. 2003; Askling et al. 2007). Consequently, injury to the KF 
may occur when the sarcomeres are rapidly stretched beyond their optimal length, 
and may result in the inability of the musculature to elicit a sufficient amount of force 
to quickly decelerate the shank (Morgan, 1990; Morgan and Proske, 2004).The 
assessment of eccKF may therefore offer a more appropriate assessment of these 




Figure 2.2 illustrates the occurrence of hamstring peak elongation stress during the late swing 
phase of sprinting (Guex and Millet, 2013).  
 
Mechanisms of Anterior Cruciate Ligament Injuries  
The occurrence of ACL injuries are also suggested to occur following initial ground 
contact (Podraza and White, 2010; Hewett and Myer, 2011; Norcross et al. 2013) 
during the deceleration phase of landing and change of direction tasks commonly 
performed during soccer match play (Brophy et al. 2014; Waldén et al. 2015). In 
contrast to the mechanisms associated with KF injury, both the KF and KE 
musculature are required to mitigate injury risk. For instance, the aforementioned 
movements are suggested to place the KF at increased demands to stabilise the knee 
joint and reduce anterior shear forces, which have been associated with ACL injury 
(Shimokochi et al. 2009; Hewett et al. 2010; Leppänen et al. 2017). As the KF 
musculature have been identified to be agonists to the ACL (Li et al. 1999; 
MacWilliams et al. 1999; Chmielewski et al. 2002), sufficiently developed eccentric 
strength of these musculature are required to reduce increased risk of injury.  
 
At and following the period of initial ground contact during the completion of 
movements associated with ACL injury, it has been suggested that the KF may be 
contracting concentrically due to increases in knee flexion. However, it is highly 
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questionable that increases in knee flexion would be attributed to concentric KF 
contractions as this would likely result in substantial loss of postural control, and 
failure to dissipate impact forces up the kinetic chain (Brunner and Rutz, 2013). 
Alternatively, Brunner and Rutz (2013) suggest the increased knee flexion following 
initial ground contact is due to the external flexor moments that are placed upon the 
knee joint, and not an action created by concentric KF contractions. Since the KF 
have proximal attachments to the hip joint, and are also prominent hip extensors 
during closed kinetic chain exercises (Yanagisawa et al. 2015; Bourne et al. 2017), 
these musculature would consequently contract eccentrically as the hip flexes 
following ground contact of functional tasks (Figure 2.3). These suggestions are in 
support of musculoskeletal models (Thelen et al. 2005; Schache et al. 2012) that 
identified eccentric KF contractions during stance, whereas no concentric 
contractions were identified. Therefore, it can be assumed that the eccKF are required 
to help dissipate ground impact forces up the kinetic chain and help stabilise the knee 
joint during and following initial ground contact.  
 
Figure 2.3 the role of the hamstring musculature during and after the period of initial ground 
contact (Brunner and Rutz, 2013).  
 
Due to the external knee flexor moments that are placed upon the knee joint following 
initial ground contact of functional tasks, an internal extensor moment is therefore 
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required to counteract these forces. As such, the KE are required to counteract the 
external moments that are placed upon the knee joint. This in support of previous 
literature that have also identified that the KE musculature are the primary dissipaters 
of large impact forces during the completion of functional tasks (Podraza and White, 
2010; Norcross et al. 2013), thus sufficiently developed strength of the KE may also 
be required to reduce ACL strain and potential injury risk. As such, it is pertinent to 
consider the aforementioned mechanisms associated with these injuries to help 
inform screening methods aimed to identify potential injury risk and inform exercise 
prescription. 
 
2.4 Risk Factors for Injury 
The specific causes of injury require sufficient understanding in order to inform 
preventative measures for the reduction of injury risk (Van Mechelen, Hlobil and 
Kemper, 1992; Finch, 2006; Mclean et al. 2008). In an attempt to better understand 
the potential causes of injury, previous literature has identified risk factors to be either 
modifiable or non-modifiable (Bahr and Hume, 2003; Myer et al. 2014; Price et al. 
2017). The non-modifiable risk factors associated with KF and ACL injuries include 
previous injury, age, and gender (Hughes and Watkins, 2006; Myer et al. 2014; Price 
et al. 2017). The aforementioned studies also identify that thigh musculature strength 
and imbalances, knee abduction, and extension are modifiable risk factors for KF and 
ACL injuries (Sugimoto et al. 2013, 2016; Al-Attar et al 2017. As injury incidence is 
influenced by previous injury, playing age and gender of the soccer player(LeGall et 
al. 2006, 2008; Hartmut et al. 2010; Ekstrand et al. 2011), these factors will be 




Previous and Re-Injury 
Literature has consistently identified that previous injury is a significant risk factor in 
professional soccer players (Kucera et al. 2005; Faude et al. 2006; Hägglund et al. 
2006; Fulton et al. 2014; McCall et al. 2015). Although numerous factors are 
associated with recurrent injuries, previous observations have indicated that thigh 
musculature strength discrepancies may influence future injury risk, such as 
significantly larger bilateral strength differences between the KF and KE (Croisier et 
al. 2002; Hägglund et al. 2012; Freckelton and Pizzari, 2013; Lepley, 2015; Grindem 
et al. 2016). As such, previous research have consequently postulated that 
insufficient rehabilitation and return to play guides influence future injury risk (Schmitt 
et al. 2015; Grindem et al. 2016; Kyritsis et al. 2016). For instance, ACL reconstructed 
participants at the point of return to play have been shown to exhibit significant KE 
strength deficits in the injured limb when compared to the non-injured side (Schmitt 
et al. 2015; Grindem et al. 2016; Kyritsis et al. 2016), and to healthy controls. In further 
support of these observations, a 15 year prospective study identified that only 65% of 
male soccer players return to professional playing levels following ACL injury (Waldén 
et al. 2016). Although it is not possible to modify the injury history of a soccer player, 
sufficient rehabilitation and screening methods are warranted to better determine the 
strength characteristics of the thigh musculature to reduce future injury risk. 
 
Following ACL reconstruction, isokinetic strength assessments of KF and KE have 
been used to identify rehabilitation responses and bilateral asymmetries at the point 
of return to play (Thomas et al., 2013; Czaplicki et al., 2015). Such literature 
commonly compares strength characteristics of the thigh musculature between 
injured and uninvolved limbs during the completion of rehabilitation. Consequently, a 
common return to play criteria following ACL injury identifies that bilateral strength 
differences of less than 10% are required for the thigh musculature, and also 
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associated with a significant reduction of future injury risk (Lepley, 2015; Grindem et 
al. 2016). Whilst these observations may help to identify rehabilitation responses, it 
has also been suggested that the non-involved lower limb may also incur detraining 
effects following injury, and possess strength deficits (Hsiao et al. 2014). 
Comparisons to healthy controls may therefore supplement current methods that 
commonly use bilateral strength comparisons for determining strength discrepancies 
and return to play decisions.  
 
Considering the burden of reoccurring injuries, the reduction of primary injuries are 
therefore required (Bahr, Clarsen and Ekstrand, 2017). For instance, as recurrent 
ACL injuries are common, screening and prevention of primary injury is required to 
reduce the high number of reinjures (Renstrom et al 2008; Hägglund and Waldén, 
2016). In turn, the reduction of primary injuries would consequently have beneficial 
implications for decreasing the number of recurrent injuries, and lower their burden 
upon soccer players (Bahr, Clarsen and Ekstrand 2017). Consequently, there is also 
a need to screen for non-injured soccer players, with implications for reduction of 
potential injury risk. These considerations may also be appropriate for youth players 
to reduce future injury risk in these cohorts of players.  
 
Playing Age 
Playing age is a non-modifiable injury risk factor for soccer players, with these 
observations attributed to the effects of adolescent growth (Van Der Sluis et al. 2014, 
2015). The influence of adolescent growth on injury risk has however only been 
considered in male players (Van Der Sluis et al. 2014, 2015). Nevertheless, the 
influence of adolescent growth on increased injury risk in youth soccer players has 
been attributed to rapid increases of skeletal length of the lower extremities, creating 
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longer levers that require larger torques to maintain postural control without 
concurrent increases in muscular strength (Kaneshia et al. 1995; De Ste Croix et al. 
1999; Hewett et al. 2004, 2006). This period of growth also coincides with large 
increases in body mass (De Ste Croix et al. 2002) which in turn, place greater 
demands of the thigh musculature to provide postural control and dissipate impact 
forces during functional movements (Hewett et al. 2004, 2015). As injury risk remains 
elevated following the period of adolescent growth (Van Der Sluis et al. 2014, 2015), 
it could be suggested that the improvements in muscular strength are 
disproportionate to the increases in body mass and skeletal length. As such, these 
factors may influence higher injury incidence in youth soccer players (10 injuries per 
1000 hours of match play) (LeGall et al. 2008) when compared to senior aged players 
(8 injuries per 1000 hours of match play) (Ekstrand et al 2011). 
 
It also appears that the effects of adolescent growth are also specific to gender, with 
females typically beginning their development at ~11 years of age when compared to 
~14 in males (Abbassi, 1998; Granados, Gebremariam and Lee, 2015). The 
increases in musculature strength is also relative to gender, with these developments 
plateauing at ~14 years of age in females when compared to ~17 years of age in 
males (De Ste Croix et al. 1999). Since injury risk remains elevated following the 
period of adolescent growth in youth soccer players, the magnitude of musculature 
strength developments may not be sufficient to reduce the increased injury risk in 
these cohorts of players, and may be specific to gender. In further support, additional 
research identified that youth female's countermovement jump heights do not 
significantly improve during the period of adolescent growth (Hewett et al. 2006), 
suggesting that lower limb musculature strength may not sufficiently develop relative 
to the increases in body mass and skeletal length. As these trends were not 
demonstrated by males (Hewett et al. 2006), it has been postulated that during and 
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following the completion of adolescent growth, female soccer players may be 
predisposed to an increase injury risk due to a higher relative weakness of the thigh 
musculature. These observations may therefore contribute to the discrepancies 
between different soccer playing ages and genders in relation to injury incidence, but 
are limited since countermovement jumps cannot identify discrepancies of specific 
musculature. There is limited literature that identifies strength deficits and imbalances 
of specific thigh musculature groups following adolescent growth (Forbes et al. 2009; 
Iga et al 2006, 2009). As a result, it is currently unclear if youth male and female 
soccer players possess increased thigh musculature strength discrepancies when 
compared to their senior counterparts, and warrants future research. 
 
The effects of adolescent growth have also been attributed to the increased ACL 
injury risk in youth female soccer players (Renstrom et al. 2008, Hägglund and 
Waldén, 2016). In addition to the limited developments in muscular strength, youth 
females have also demonstrated alterations in lower limb biomechanics during 
functional tasks, where knee abduction angles and moments were observed to 
significantly increase throughout the period of adolescent growth that may increase 
ACL injury risk (Hewett et al. 2004, 2015). As these trends were not noted in youth 
males (Hewett et al. 2004, 2015), it can be suggested that youth female soccer 
players may also be at further risk of ACL injury during and following the onset of 
adolescent growth that persists into adulthood. Previous literature have also yet to 
identify whether senior and youth female soccer players exhibit different movement 
patterns, and would be particularly important to ascertain if youth players are 
sufficiently conditioned to manage the increased demands of soccer in an attempt to 
reduce potential injury risk (Söderman et al. 2001; Van Der Sluis et al. 2014; Wrigley 





Although a non-modifiable risk factor, gender also appears to influence injury risk in 
soccer players (LeGall et al. 2006, 2008; Renstrom et al. 2008; Waldén 2011). The 
purported increased injury risk in female soccer players has been associated with 
enlarged KE moments that are exhibited during the completion of functional tasks 
when compared to males (Shimokochi et al. 2009; Hewett et al. 2010; Leppänen et 
al. 2017). Moreover, females are also identified to exhibit significantly higher knee 
abduction angles and moments during functional movements when compared to 
males due to increased ligament strain (Ford, Myer and Hewett, 2003; Russell et al. 
2006; Kiapour et al. 2014). Consequently, these observations have led to suggestions 
that increased knee abduction and extensor moments are associated with increased 
injury risk, in particular to the ACL (Olsen et al. 2004; Hewett et al. 2004, 2005, 2010, 
2015; Waldén et al. 2015). However, biomechanical assessments of functional tasks 
in elite female soccer players are currently limited in literature, and seem somewhat 
surprising when considering the severity and prevalence of ACL injuries in these 
cohorts of players. As such, it is unknown whether female soccer players exhibit knee 
abduction angles and moments during the completion of functional tasks that may 
influence increased injury risk. It is also currently unknown whether youth female 
soccer players possess increased knee abduction and extensor moments that could 
be indicative of an impaired ability to maintain postural control and increased injury 
risk. Biomechanical assessments of functional tasks are therefore required to identify 
if these cohorts of players exhibit large knee abduction and extensor moments that 
are indicative of increased injury risk. 
 
It has also been suggested that females possess significantly higher strength 
imbalances between the KF and KE musculature when compared to males (Rosene, 
Fogarty and Mahaffey, 2001; Hewett et al. 2008, Myer et al. 2009; Andrade et al. 
2012). As increased strength imbalances of the thigh musculature are suggested to 
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be associated with increased number of KF and ACL injuries (Hewett et al. 2007; 
Croisier et al. 2008; Myer et al. 2009; Lee et al. 2017), these impairments could also 
predispose females to an increased injury risk. Although there is a plethora of 
research that have assessed thigh musculature strength imbalances in professional 
male soccer players (Gür et al. 1999; Dauty et al. 2003; Zakas, 2006; Croisier et al. 
2008; Greig, 2008; Fousekis, Tsepsis and Vagenas, 2010; Fousekis et al. 2011; Van 
Dyk et al. 2016, 2017; Lee et al. 2017; Bakken et al. 2018), the available literature in 
professional female soccer players are currently limited (Jenkins et al. 2012; Manson 
et al. 2014). As previous studies have primarily determined thigh musculature 
strength imbalances in heterogeneous female populations (Rosene, Fogarty and 
Mahaffey, 2001; Hewett et al. 2008, Myer et al. 2009; Andrade et al. 2012), it is 
unknown whether senior or youth female soccer players possess muscular 
imbalances that may predispose these cohorts to an increased injury risk. 
 
Thigh Musculature Strength  
As identified by previous prospective studies (Croisier et al. 2008; Augustsson and 
Ageberg, 2017; Lee et al. 2017), soccer players who possess a reduced strength 
capacity of the KF are significantly more likely to suffer injury. This is supported by 
further findings that have identified KF injury risk is modified in soccer players who 
are prescribed eccentric strength training (Askling et al. 2003; Fousekis et al. 2011; 
Petersen et al. 2011; van der Horst et al. 2015; Attar et al. 2017). As previously 
alluded to, sufficiently developed eccKF strength is required to decelerate the shank 
(Chmielewski et al. 2002) during the terminal phase of running and change of 
direction activities (Woods et al. 2004; Chumanov et al. 2011; Guex and Millet, 2013). 
These activities are also characterised by high angular velocities, eccentric 
contractions, and are coincidental with peak elongation stress of the musculature 
(Kivi, Maraj and Gervais, 2002; Thelen et al. 2005; Guex and Millet, 2013). Although 
the aforementioned literature are concerned with male players, these observations 
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were also consistent in youth female athletes (Augustsson and Ageberg, 2017). 
However, as Augustsson and Ageberg (2017) determined muscular strength during 
one repetition maximum barbell squats, this study was unable to determine strength 
deficits or imbalances of particular musculature, thus reducing the ability to 
appropriately prescribe specific exercises for injury risk reduction. Methods 
associated with one repetition maximum barbell squats are unable to identify strength 
imbalances between specific thigh musculature, which is associated with injury risk 
Croisier et al. 2008; Lee et al. 2017). Moreover, bilateral strength differences greater 
than 10% has also been associated with thigh musculature and knee ligament 
injuries, and also requires determining (Lepley et al. 2015; Grimdem et al. 2016). As 
isokinetic dynamometry is able to determine strength deficits of particular 
musculature (Croisier et al. 2008; Fousekis, Tsepsis and Vagenas, 2010; Lee et al. 
2017), improved measures of screening muscular strength in soccer players is 
therefore warranted, specific to both playing age and gender. 
 
Although absolute muscular strength has been shown to be a modifiable risk factor 
for KF injuries (Askling et al. 2003; Fousekis et al. 2011; Petersen et al. 2011; van der 
Horst et al. 2015; Attar et al. 2017), literature has also suggested that strength 
imbalances are associated with injury. Isokinetic dynamometry is commonly used to 
determine muscular strength imbalances of KF and KE in elite cohorts of soccer 
players (Iga et al. 2006; Daneshjoo et al. 2012; Jenkins et al. 2012; Manson et al. 
2014; Lee et al. 2017). Literature has identified that higher absolute KE strength 
relative to the KF increases KF injury risk in professional male soccer players (Croisier 
et al. 2008; Lee et al. 2017). The calculation of muscular imbalances are commonly 
completed based on ratios determined by KF divided by KE strength values (Aagaard 
et al. 1995, 1998), with lower ratios than 1 indicating increased KE strength 
dominance (Croisier et al. 2008; Hewett et al. 2010; Lee et al. 2017). Furthermore, 
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lower strength ratios of the KF and KE have also been previously associated with 
increased ACL injury risk (Hewett et al. 2008, 2010; Kim and Hong, 2010; De Ste 
Croix et al. 2017). Sufficiently developed KF strength are required to reduce ACL 
injury risk as these musculature counteract large KE forces (Chumanov et al. 2012; 
Higashihara et al. 2015). Therefore, this has consistently led to literature suggesting 
that a KE strength dominance relative to the KF is a risk factor for ACL injury (Myer 
et al. 2004; Hewett et al. 2010; Leppänen et al. 2017). As a result, a lower strength 
ratio would suggest the KF possess a reduced capacity to sufficiently decelerate the 
shank during the terminal swing phase of functional movements, and may increase 
thigh musculature and knee ligament injury risk (Chmielewski et al. 2002; Hughes 
and Watkins, 2006). 
 
It has also been suggested that injury risk may be limb specific, with KF strains being 
identified as most prevalent in the dominant limb (preferred kicking limb) of senior 
male and female soccer players (LeGall et al. 2008; Ekstrand et al. 2011). Where 
previous studies have attempted to screen for bilateral discrepancies, they have 
typically quantified percentage differences between the dominant and non-dominant 
limbs (Schmitt et al. 2015; Grimdem et al. 2016). Such studies have identified bilateral 
eccKF strength deficits of 15% are associated with KF injuries in the weaker limb of 
professional male soccer players (Croisier et al. 2008), whereas conKE strength 
deficits greater than 10% predispose the weaker limb to an increased risk of future 
ACL injury (Lepley, 2015; Grindem et al. 2016). However, percentage differences 
used to determine bilateral discrepancies should also be considered with their 
corresponding strength values as equally impaired KF and KE strength can achieve 
bilateral symmetry. Consequently, to appropriately identify bilateral strength 
discrepancies, the associated strength values of these musculature should also be 
considered with normative values. Bilateral isokinetic strength assessments have 
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been primarily conducted in senior and youth male soccer players (Croisier et al. 
2008; Iga et al. 2009; Daneshjoo et al. 2013; Van Dyk et al. 2016), these procedures 
lack functional relevance which may account for equivocal associations with injury 
risk (De Ste Croix et al. 2017; Van Dyk et al. 2016; 2017). Moreover, isokinetic 
strength assessments have yet to be determined in senior and youth female soccer 
players. Bilateral strength assessments using isokinetic dynamometry would be able 
to determine strength characteristics and discrepancies specific to the lower limb, and 
in turn may be important for reducing potential injury risk. As such, it remains unclear 
whether senior and youth female soccer players possess bilateral strength 




As female soccer players are also predisposed to ACL injuries, specific movements 
have been identified to increase the risk of these injuries, and suggested as 
modifiable (Sugimotio et al. 2012, 2016). For instance, cadaveric studies have 
identified that ACL strain significantly increases with higher knee abduction coupled 
with knee extension (Seering et al. 1980; Stapleton et al. 1998; Kiapour et al. 2014). 
These observations consequently suggests multi-planar movements may predispose 
athletes to an increased risk of ACL injury (Quatman et al. 2010), and as such, these 
movement patterns require determining via motion capture during the completion of 
functional tasks. Whilst 2D motion capture is an accessible and cost effective option 
for determining biomechanical parameters exhibited during the completion of 
functional tasks, this tool is unable to quantify transverse plane motions. This may be 
particularly problematic during change of direction tasks where tibial rotation of the 
knee joint may be incorrectly classified during frontal plane motions, thus influencing 
knee valgus values. These observations are further supported by previous literature 
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that have demonstrated moderate correlations for kinematic data recorded in the 
frontal plane between 2D and 3D assessments of functional tasks, with these 
relationships diminishing during single limb activities (Maykut et al. 2015; Herrington 
et al. 2017; Schurr et al. 2017). Furthermore, 2D motion capture cannot calculate the 
joint moments that are placed upon the knee joint. These considerations are 
particularly important for this present thesis since increased knee abduction and 
extensor moments have been associated with increased injury (Hewett et al. 2005; 
Leppänen et al. 2017). As such, 3D motion capture is identified as the criterion 
measure for quantifying biomechanical parameters.  
 
In addition to the aforementioned literature that identified differences in 2D and 3D 
motion capture, it has also been revealed that different planes of motion exhibit 
varying levels of reliability. For instance, the sagittal plane has been shown to elicit 
high levels of reliability during the completion of functional tasks (intraclass correlation 
coefficients [ICC ≥ 0.95]) (Ford et al. 2007). Frontal plane motion has also yielded 
acceptable reliability during the completion of functional tasks (ICC ≥ 0.70) (Ford et 
al. 2007), whereas transverse plane movements have been shown to elicit 
questionable reliability (ICC ≥ 0.59). Whilst transverse motions such as 
internal/external rotation appear to influence risk of ACL injuries (Quatman et al. 2010; 
Kiapour et al. 2014), these measures should be interpreted with caution. Therefore, 
it appears that sagittal and frontal planes of motion are most appropriate to determine 
movement patterns associated with injury risk.  
 
 
Whilst sagittal and frontal planes of motion appear to produce reliable data, these 
planes of motion have also been previously associated with increased injury risk 
during the completion of functional tasks. For instance, increased knee abduction 
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angles and moments exhibited during drop landing tasks have been suggested to be 
associated with increased ACL injury (Hewett et al. 2005; Shimokochi et al. 2009; 
Waldén et al. 2015; Leppänen et al. 2017). However, a recent prospective study of 
elite female handball and soccer players identified no statistically significant 
association between knee abduction angles and moments during vertical drop 
landing tasks in injured participants (Krosshaug et al. 2016). These equivocal findings 
may be attributed to the different participants used in the aforementioned studies. 
Moreover, the ambiguous observations have also been associated with the use of 
drop landing tasks, and have limited association with movements related to ACL 
injuries (Kristianslund and Krosshaug, 2013; Kristianslund et al. 2014). Since single 
leg change of direction activities place increased demands of the lower limb to 
maintain postural control when compared to drop landing tasks (Olsen et al. 2004; 
Pappas et al. 2007), these movements have consequently been associated with 
increased risk of ACL injury. As ACL injury risk has also been identified to be 
increased during movements that place large multiplanar demands upon the knee 
joint (Jindrich et al. 2006; Quatman et al. 2010; Kristianslund and Krosshaug, 2013; 
Kristianslund et al. 2014), the use of single limb change of direction tasks may be 
more sensitive to identify discrepancies associated with injury. Consequently, these 
movements have been suggested to better determine factors associated with injury 
with enhanced specificity to the mechanisms associated with ACL injury. 
 
Previous literature have also suggested that increased KE moments are associated 
with increased ACL risk (Shimokochi et al. 2009; Hewett et al. 2010; Leppänen et al. 
2017). Despite these observations, previous literature have not appropriately 
considered the strength capacities of the thigh musculature relative to the moments 
placed upon the knee joint, and may have potential implications for injury risk. 
Although it has been previously suggested that increased KE moments place an 
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additional requirement of the KF musculature to oppose these large anterior shear 
forces (Seering et al. 1980; Stapleton et al. 1998; Chumanov et al. 2012; Kiapour et 
al. 2014; Higashihara et al. 2015), the importance of KE strength is commonly 
disregarded. As further research identifies the KE musculature are the primary 
dissipaters of impact forces (Podraza and White, 2010; Norcross et al. 2013), 
sufficiently developed muscular strength are required to reduce the demands placed 
upon the knee ligaments during functional tasks (Hughes and Watkins, 2006; Schmitt 
et al. 2015; Kyritsis et al. 2016). Consequently, the previous observations that 
identified increased KE moments as a risk factor for ACL injury are unable to identify 
if the thigh musculature were sufficiently developed to manage the demands placed 
upon the knee joint. Identifying the strength capacities of the thigh musculature 
relative to the moments placed upon the knee joint may be important for identifying if 
these demands are disproportionate, and may be indicative of an increase injury risk. 
Therefore, future screening procedures may wish to consider the strength capacities 
of the thigh musculature relative to the moments placed upon the knee joint to better 
determine factors that may be associated with injury risk. As strength is a primary 
modifiable risk factor for injury, methods that characterise musculature strength with 
enhanced relevance to movements associated with injury may enhance the specificity 
of screening practices. 
 
2.5 Screening Thigh Musculature Strength 
Injury incidence remains an issue in elite soccer players, and relative to injury status, 
playing age and gender (LeGall et al 2006, 2008; Hartmut et al. 2010; Ekstrand et al. 
2011). It has also been identified that soccer playing age, injury status, and gender 
appear to influence thigh musculature strength characteristics (Greig, 2008; Iga et al. 
2009; Manson et al. 2013). Therefore, there appears a need to determine the strength 
characteristics of these cohorts of players to identify strength discrepancies and 
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inform preventative measures. Furthermore, when considering that senior and youth 
female soccer players are predisposed to an increased risk of ACL injury, 
biomechanical assessments of functional movements in these cohorts of players are 
also required. However, literature has yielded equivocal results between measures of 
muscular strength in relation to KF and ACL injuries (Hewett et al. 2005; Croisier et 
al. 2008; Pauda et al. 2014; Krosshaug et al. 2016; Van Dyk et al. 2016, 2017; Lee et 
al. 2017; Bakken at al. 2018). As such, the procedures and metrics used to determine 
thigh musculature strength and knee biomechanics may be insufficient for 
determining potential injury risk, thus require further consideration when developing 
screening methods. 
 
Isokinetic Strength Assessments 
Isokinetic dynamometry is identified as the criterion measure for muscular force (Stark 
et al. 2011), and frequently identified as a reliable tool for determining thigh 
musculature strength (Maffiuletti et al. 2007; Impellizzeri et al. 2008). Other 
measurement tools such as isometric mid-thigh pulls and 1 repetition maximums 
(1RM) of the lower extremities are also viable options for quantifying muscular 
strength of the lower extremities. However, these aforementioned measurement tools 
are unable to concurrently assess thigh musculature strength characteristics at 
different contraction modes, angular velocities and joint angles that influence muscle 
force production. Moreover, isometric mid-thigh pulls and 1RM are unable to assess 
strength characteristics of specific musculature, such as the KF and KE. As a 
consequence, these measurement tools are unable to determine strength imbalances 
between the KF and KE associated with increased risk of injury. Moreover, isometric 
mid-thigh pulls and 1RM are also unable to identify bilateral strength differences, 
whereas isokinetic dynamometry can determine large strength deficits between lower 
limbs. As such, isokinetic dynamometry has been frequently used to characterise 
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thigh musculature strength in senior aged professional male soccer players (Dauty et 
al. 2003; Croisier et al. 2008; Greig, 2008; Fousekis, Tsepsis and Vagenas, 2010; 
Fousekis et al. 2011; Van Dyk et al. 2016, 2017; Lee et al. 2017; Bakken et al. 2018) 
and youth soccer players (Gür et al. 1999; Kellis et al. 1999; Iga et al. 2006; 
Daneshjoo et al. 2012, 2013). Limited literature exists in relation to female players of 
different playing ages (Jenkins et al. 2012; Manson et al. 2014). 
 
Isokinetic Testing Velocities 
In relation to the assessment of thigh musculature strength using an isokinetic 
dynamometer, the influence of angular velocity during these assessments must be 
considered, and associated with the force-velocity relationship. The force-velocity 
relationship has been consistently used in previous literature to identify the response 
of different joint angular velocities and their subsequent effect on muscle force 
production in both concentric and eccentric contractions (Kawamori et al. 2004, 
2006). In relation to concentric actions, a variety of studies have identified that with 
increased joint angular velocity, force production decreases. In contrast, muscular 
force production has been identified to increase during lower joint angular velocities 
(Greig, 2008; Greig and Siegler, 2009; Small et al. 2010; Evandeligis et al. 2015; De 
Ste Croix et al 2017). In relation to eccentric muscular actions, previous literature 
reveals equivocal responses when assessed at different angular velocities. 
Specifically, some studies have identified eccentric force production increases with 
higher contraction velocities (Greig, 2008; Greig and Siegler, 2009; Small et al. 2010), 
whereas others have shown a consistent response across a variety of velocities 
(Rocha, 2011; Evandeligis et al. 2015; De Ste Croix et al 2017). As such, the force-
velocity responses of muscular force production require consideration during the 





The assessment of musculature strength at different contraction velocities can also 
be used to identify additional training needs and training responses. This is 
particularly important since training at specific contraction speeds can modify muscle 
strength when assessed at comparable joint angular velocities (Kawamori et al. 2004; 
2006), and consequently influences the shape of the force-velocity curve. These 
aforementioned studies identify that increasing strength values recorded at slow 
angular velocities would increase the gradient of the force-velocity curve, as 
illustrated by Figure 2.4. Similarly, this figure also demonstrates that increased 
strength recorded at high angular velocities would decrease the gradient of the force 
velocity curve. Similar responses have also been identified in relation to eccentric 
actions (Melo et al. 2016), albeit with this evidence being scarce in current literature. 
Nevertheless, quantifying muscular strength at a variety of different angular velocities 
can identify specific strength discrepancies, which in turn can be used to inform 




Figure 2.4 the effects on velocity specific strengthening exercises on the force-velocity 




Isokinetic strength assessments of the thigh musculature commonly utilise angular 
velocities of 60°·s-1 (Thomas et al., 2013; Czaplicki et al., 2015; Dauty et al. 2017; 
Van Dyk et al. 2016, 2017). Such testing velocities are used to obtain sufficient 
isokinetic data over a defined load range (Brown et al. 1995; Findley et al 2006). 
However, it has been previously suggested that isokinetic dynamometry does not 
resemble functional movements (Abernethy et al. 1995; Toonstra and Mattacola, 
2013). In an attempt to increase the functional relevance of isokinetic strength 
assessments, additional testing velocities have also been used to determine 
muscular strength (Greig, 2008; Daneshjoo et al. 2012, 2013; Evangelidis et al. 2015; 
De Ste Croix et al. 2017). The inclusion of higher testing velocities during isokinetic 
strength assessments are supported by previous observations identifying knee 
angular velocities of ~400°·s-1 are exhibited during change of direction tasks 
(Nedergaard et al. 2014) which are common to soccer match-play (Bloomfield et al. 
2007) and which have previously been associated with lower limb injury risk (Hawkins 
and Fuller, 1999; Boden and Dean, 2000; Brophy et al. 2014).  
 
Increased isokinetic testing velocities have previously identified significantly lower 
concentric KF and KE peak torque (PT) in male soccer players (Greig, 2008; 
Daneshjoo et al. 2012, 2013), thus knee angular velocity highly influences concentric 
contraction force. Although not observed in elite soccer populations, further findings 
have identified that eccentric PT of KE and KF remain stable across a variety of 
isokinetic testing velocities (Evangelidis et al. 2015; De Ste Croix et al. 2017). Despite 
these common responses, assessments of eccKF and conKE PT across a variety of 
angular velocities are limited in professional cohorts of soccer players. Nevertheless, 
angular velocities exhibited during movements associated with injury would likely 
elicit higher dynamic control ratio (DCR) values (Hewett et al. 2008; Evangelidis et al 
2015; De Ste Croix et al 2017. These observations would consequently be attributed 
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to diminished conKE strength when compared to eccKF with increased knee angular 
velocity, when considering the previous responses of these musculature. These 
observations would be contrary to popular belief that conKE strength dominance 
relative to the eccKF is a risk factor of thigh musculature and knee ligament injuries 
(Hewett et al. 2007, 2010; Croisier et al. 2008; Lee et al. 2017; Leppänen et al. 2017). 
Therefore, isokinetic strength assessments of conKE and eccKF should be 
considered specific to testing velocities that better resemble movement profiles of 
functional tasks 
 
Despite the influence of knee angular velocity on thigh musculature strength and their 
associated DCR's, these factors are not considered in recent prospective studies 
(Van Dyk et al. 2016, Bakken et al. 2018). These studies identified no significant 
differences in thigh musculature strength and DCR's in senior aged professional male 
soccer players who subsequently suffered KF injury when compared to non-injured 
players (Van Dyk et al. 2016; Bakken et al. 2018). Specifically, eccKF PT values were 
not significantly different between injured and non-injured players of these studies, 
although eccKF strength was only determined at 60°·s-1. As such, it is unknown 
whether additional strength deficits and imbalances may have been identified 
between injured and non-injured soccer players at angular velocities that better 
represent functional movements. These studies also demonstrated that DCR values 
were not significantly associated with KF injury; however, muscular imbalances were 
calculated by data recorded at 60 and 300°·s-1 for eccKF and conKE, respectively. As 
previously described, isokinetic testing velocities highly influence strength 
characteristics of KF and KE, and in turn may have influenced the DCR values used 
to differentiate between injured and non-injured players in these prospective studies. 
Thigh musculature strength assessments of eccKF and conKE are consequently 
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required at matched velocities that better resemble functional movements to 
determine muscular strength deficits and imbalances of elite soccer players. 
 
The use of additional testing velocities to determine eccKF and conKE PT may also 
better reflect training responses relative to the force-velocity curve. For instance, 
previous studies have demonstrated that velocity specific strength training elicits 
superior strength adaptations at the coincident testing velocity (Kawamori et al. 2004, 
2006). Despite these observations, the slope of the force-velocity curve appears to 
have been afforded little attention in previous literature, and may identify training 
requirements for soccer players. For example, when considering the concentric force-
velocity curve, a greater slope would be indicative of either superior strength at slow 
velocities or reduced strength at higher velocities. The use of additional angular 
velocities are also advocated by previous research in professional male soccer 
players that have yielded sufficient reliability for eccKF and conKE at 60, 180 and 
300°·s-1 (Greig, 2008). However, due to dynamometer constraints, extreme angular 
velocities provide a minimal load range, thus limiting the choice of testing velocities 
(Drouin et al. 2004). As such, equipment should be appropriately used within their 
constraints to appropriately identify strength characteristics and player training needs 
at functionally relevant knee angular velocities. 
 
Angle Specific Measures of Thigh Musculature Strength 
As the magnitude of muscular force development is dependent on its length, the 
influence of knee joint angle will consequently influence KF and KE strength. Such 
responses elicited during muscular force production can be attributed to the length-
tension relationship during maximal contractions. The length-tension relationship 
identifies where fibres display different levels of maximal force production when 
defined at different lengths (Gordon et al. 1966). These responses are suggested to 
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be related to the amount of sarcomere overlap that occurs within muscle groups 
(Brughelli and Cronin, 2007), whereby too much or too little overlap results in sub-
optimal force production. Although the length-tension relationship is concerned with 
single muscle fibres, this phenomenon can express length and tension via joint angle 
and torque, respectively, during isokinetic dynamometry (Brughelli and Cronin, 2007). 
Whilst length-tension responses during isokinetic dynamometry are further influenced 
by muscle architecture, tendon properties and joint design (Brughelli and Cronin, 
2007), studies that have assessed the torque-angle relationship have clearly 
identified the influence of joint angle on muscular force production (Ayala et al. 2013; 
Cohen et al. 2015; Evangelidis et al. 2015 De Ste Croix et al. 2017).  
 
 
The torque-angle relationship of muscle groups has been primarily determined via 
isometric contractions at a variety of joint angles (Alegre et al. 2006; 2014; Noorkõiv 
et al. 2015). Due to the numerous maximal contractions required during isometric 
strength assessments at different joint angles, these assessments may elicit a fatigue 
response that may influence the torque-angle curve. As such, isokinetic strength 
assessments have been more recently utilised to determine the torque-angle curve 
(Ayala et al. 2013; Cohen et al. 2015; Evangelidis et al. 2015 De Ste Croix et al. 
2017). In turn, this can identify the angle of peak torque, and identify the optimal angle 
for muscle force production. Although the reliability of angle of peak torque has been 
previously questioned (Ayala et al. 2013), literature does identify that KF peak torque 
is ~40º, and 70º for the KE (Small et al. 2010). Thus, there appears a need to define 





It has also been suggested by previous literature that the torque-angle curve is 
modifiable through an appropriate training stimuli (Barak et al. 2004; Mcmahon et al. 
2014). There are numerous studies that have demonstrated the angle of peak torque 
during isokinetic strength assessments occur at increased lengths in various muscle 
groups (Ayala et al. 2013; Cohen et al. 2015; Evangelidis et al. 2015 De Ste Croix et 
al. 2017). With specific reference to the thigh musculature, further observations 
yielded from literature demonstrate that an eccentric Nordic hamstring training 
programme shifts the angle of peak torque to increased lengths for the KF, and may 
influence strength developments (Brughelli et al. 2010). These responses have been 
attributed to an increased number of sarcomere which results in greater force 
production at increased muscle lengths (Rassier et al 1999; Leiber et al. 2000). The 
role of titin has also been suggested to be an important factor in eccentric muscle 
contractions which has been proposed to store and release elastic energy by altering 
spring length and stiffness (Herzog, 2014). However, the precise mechanisms 
associated increased muscular force production at longer muscle lengths is not 
entirely understood; nevertheless, these observations do identify the modifiable 
nature of the torque-angle curve. Since the torque-angle curve is modifiable through 
an appropriate training intervention, the consideration of thigh musculature strength 
across an angular range would identify where the muscle is strongest and weakest. 
As such, potential injury risk and training interventions could be determined when 




In order to increase the functional relevance of isokinetic strength assessments of the 
thigh musculature, the metrics used to determine muscular strength and imbalances 
require further considerations. Practitioners and researchers commonly report 
isokinetic PT of the musculature that are subsequently used to determine the DCR 
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(Gür et al. 1999; Kellis et al. 2001; Croisier et al. 2008; Augustsson and Ageberg, 
2017; Lee et al 2017). Musculature PT of the lower extremities quantifies the muscle's 
absolute strength capacity, and is able to identify significant differences in soccer 
playing ages (Gür et al. 1999; Kellis et al. 2001) and strength deficits/imbalances in 
players who subsequently suffer injury (Croisier et al. 2008; Augustsson and Ageberg, 
2017; Lee et al 2017). However, the use of angle-specific measures have recently 
been advocated to supplement isokinetic strength assessments by identifying the 
KF's and KE's strength capacities at matched angles where injury risk reportedly 
increases (El-Ashker et al. 2015; De Ste Croix et al. 2017). Consequently, the sole 
use of PT and DCR to determine injury risk may be inappropriate. In further support, 
previous observations have identified that conKE PT occurs at ~70° of knee flexion, 
and ~40°of knee flexion for eccKF PT, thus DCR quantifies strength imbalances from 
data obtained at different knee joint angles (Forbes et al. 2009; Small et al. 2010; El-
Ashker et al. 2015; De Ste Croix et al. 2017). The determination of angle-specific 
measures may better identify strength deficits and imbalances where injury is more 
likely to occur (Boden and Dean, 2000; Chumanov et al. 2012; Higashihara et al. 
2015). 
  
Recent studies have determined angle-specific torques and DCR's in recreational, 
amateur and semi-professional male soccer players (Cohen et al. 2015; Evangelidis 
et al. 2015). When considering that lower DCR values have been previously 
suggested by literature to increase KF and ACL injury risk, the aforementioned 
studies identified DCR's at 30º of knee flexion, indicative of eccKF strength 
dominance. Therefore the aforementioned findings did not identify a conKE strength 
dominance at joint angles where KF and ACL injuries are likely to occur (Hewett et 
al. 2007, 2010; Croisier et al. 2008; Lee et al. 2017) and further advocates the 
importance of the eccKF to provide dynamic stability for the knee joint (Hughes and 
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Watkins, 2006). Moreover, it was also identified that amateur and semi-professional 
soccer players exhibited DCR values of ~1.5 at 30º knee flexion (Cohen et al. 2015; 
Evangelidis et al. 2015) and were notably higher when compared to 0.8 in healthy 
males (El-Ashker et al. 2015), thereby suggesting these metrics may be influenced 
by prolonged exposure to soccer-specific activity and conditioning. In turn, these 
additional isokinetic strength metrics may also be able to differentiate between senior 
and youth soccer players with pronounced differences in exposure to soccer specific 
activity and conditioning. This is supported by previous findings that identified 
significant differences in KF and KE strength between senior and youth male soccer 
players (Gür et al. 1999; Kellis et al. 2001), thus able to inform exercise prescription 
relative to playing age. These metrics could be advantageous in identifying whether 
youth soccer players who begin to play against senior aged players are conditioned 
to cope with these increased demands (Wrigley et al. 2012; Taylor et al. 2017). 
 
Angle-specific measures of muscular strength and imbalances have received further 
attention in recent years to better the functional relevance of these assessments, but 
such studies are currently limited in elite soccer players. However, a recent 
prospective study identified angle-specific DCR's at 50, 40 and 30º of knee flexion 
were not significantly different between injured and non-injured senior aged 
professional male soccer players (Van Dyk et al. 2017). Although this study does not 
recommend the use of angle-specific DCR's for identifying KF injury risk, Van Dyk et 
al. (2017) did not consider their associated torque values, despite previous 
observations identifying strength deficits are associated with lower limb injury 
(Croisier et al. 2008; Augustsson and Ageberg, 2017; Lee et al. 2017). As a result, 
this study was not able to determine strength deficits in soccer players who 
subsequently suffered injury. Therefore, the DCR must also be considered with their 
corresponding strength values to better identify discrepancies of the eccKF and 
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conKE. For instance, equally impaired strength of the eccKF and conKE can still 
exhibit strength ratios of 1, thereby displaying perfect muscular balance. The absence 
of angle-specific torques of the eccKF and conKE in this study must be considered 
as a limitation, and should be reported in future studies.  
 
Torque-Angle Curves 
Additional metrics associated with the torque angle curve have been proposed in 
previous literature (Dvir, 2014). It has been suggested the torque angle-curve may be 
analysed through calculating work during isokinetic muscular contractions. Work 
performed across range of motion can be determined when multiplying force by 
angular displacement (measured in Joules), which is equal to the energy expended 
to exert 1Nm of force. Greater work performed in the torque angle-curve is attributed 
to an increased capacity to produce muscular force over an angular range (Dvir, 
2014). Work is also suggested to identify knee injury risk in female athletes across a 
variety of sports, where these observations revealed work performed for concentric 
KF and KE actions at 300°·s-1 were significantly lower in players who subsequently 
suffered injury when compared to non-injured participants (Devan et al. 2004). 
Moreover, work performed has also been identified as a reliable measure in healthy 
males and females (Maffultettit et al. 2007). Such findings appear to support the use 
of work performed across the torque-angle curve to determine muscular strength 
across an angular range, although this has been contested by previous literature. In 
a critical review of the literature, Dvir (2014) discussed the use of appropriate 
parameters of isokinetic strength, and concluded that work could be a redundant 
measure. Given the high correlations reported between work and PT, and the amount 
of work performed across an angular range depends on force magnitude, it appears 
that work performed is more indicative of absolute strength rather than the ability to 
produce force across an angular range. Since knee range of motion and angular 
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velocities are standardised during isokinetic strength assessments, PT can only 
manipulate work performed in the torque angle-curve. As the torque angle-curve is 
not well considered in soccer players, further research is required to better determine 
isokinetic parameters that assess the musculature's ability to sustain force across an 
angular range. This may be particularly important in order to profile thigh musculature 
strength at knee joint angles that better reflect movements associated with lower limb 
injuries. Although isokinetic dynamometry can determine strength imbalances 
between KF and KE that have been previously associated with ACL injuries, 
biomechanical assessments of functional tasks are also used to determine injury risk. 
 
Although recent prospective studies have questioned the ability of isokinetic strength 
assessments to identify injury risk in senior aged professional male soccer players, 
the procedures and metrics utilised in previous literature may be insufficient to profile 
muscular strength and identify injury risk. As muscular strength deficits and 
imbalances place both the thigh musculature and knee ligaments at increased risk of 
injury, isokinetic strength assessment should better consider the aetiology of these 
injuries. The procedures and analytical approaches associated with isokinetic 
strength assessments of KF and KE typically quantify strength deficits and 
imbalances at slow testing velocities, focusing on PT and DCR. Although these 
procedures have previously identified significant differences between injured and 
non-injured soccer players, angle-specific measures determined across angular 
velocities may further identify factors associated with injury and identify further 
training needs. Such considerations have not been appreciated in previous studies, 
and have yet to be appropriately identified in elite soccer populations of different ages 
and gender. Although isokinetic dynamometry can determine strength imbalances 
between KF and KE that have been previously associated with ACL injuries, 





As female soccer players are predisposed to an increased number of ACL injuries, 
biomechanical assessments of functional tasks should be used to determine the 
parameters associated with injury. As ACL injuries are further exacerbated in youth 
female soccer players (Renstrom et al. 2008; Hägglund and Waldén, 2015), 
biomechanical assessments of functional tasks should also be considered in this 
population. The increased number of injuries identified in youth female soccer layers 
have been attributed to effects of adolescent growth that coincide with the 
development of enlarged strength discrepancies (Hewett et al. 2015; Augustsson and 
Ageberg, 2017), thereby reducing the ability to maintain postural support and may 
influence injury risk.  
 
Vertical Drop Landings 
Literature consistently identifies that increased knee abduction coupled with knee 
extension is associated with increased ACL injury risk in females (Hewett et al. 2005; 
Shimokochi et al. 2009; Waldén et al. 2015; Leppänen et al. 2017). Biomechanical 
assessments commonly adopt bilateral vertical drop landing assessments in an 
attempt to identify the aforementioned discrepancies (Hewett et al. 2005; Kernozek 
et al. 2005; Kristianslund and Krosshaug, 2013; Fox et al. 2017). The common use of 
bilateral vertical drop landing tasks that are used to assess lower limb injury risk 
appears to be influenced by the findings of a prospective study by Hewett et al. (2005). 
This study identified significantly higher knee abduction angles and moments in 
subsequently injured participants during the completion of a drop landing task. 
Despite literature (Shimokochi et al. 2009; Waldén et al. 2015; Leppänen et al. 2017) 
commonly citing the drop landing procedure as described by Hewett et al. (2005), it 
must be noted that Hewett and colleagues only identified differences in 9 participants 
who subsequently suffered an ACL injury, thus questioning the statistical power of 
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this study. Further prospective studies (Pauda et al. 2014; Krosshaug et al. 2016) 
used biomechanical assessments of vertical drop landings to determine knee injury 
risk in male/female cadets and female soccer/handball players. The aforementioned 
studies identified 117 (Pauda et al. 2014) and 42 knee ligament injuries (Krosshaug 
et al. 2016), and revealed no significant differences in knee biomechanics between 
subsequently injured and non-injured participants during bilateral vertical drop 
landings. Despite the larger cohorts and number of knee ligament injuries reported, 
knee abduction angles and moments were not associated with injury risk. The 
aforementioned literature raises questions about the specificity and sensitivity of 
bilateral drop landings in identifying discrepancies in lower limb biomechanics that 
are associated with injury risk. 
 
Cutting Manoeuvres  
Further criticisms of the functional relevance of drop landing tasks has been made 
within the literature (Kristianslund and Krosshaug, 2013; Kristianslund et al. 2014), 
with suggestions that single limb change of direction tasks may offer a better 
alternative given their association with lower limb injury risk (Boden and Dean, 2000; 
Olsen et al. 2004; Pappas et al. 2007; Sigward and Powers, 2006; Landry et al. 2007; 
Ford et al. 2011 Ortiz et al. 2011; Vanrenterghem et al. 2012; Imwalle et al. 2013; 
Kristianslund and Krosshaug, 2013; Fox et al. 2017). The sidestep cutting manoeuvre 
is a multiplanar movement which is associated with increased medio-lateral impact 
forces, and places higher multiplanar demands when compared to tasks such as 
vertical drop landings (Jindrich et al. 2006). It has consequently been suggested that 
sidestep cutting manoeuvres may better determine injury risk (Sharir et al. 2016). 
Literature is however limited with respect to utilising these side stepping manoeuvres 




Previous literature typically conducts cutting manoeuvre tasks using a sidestep 
technique (Boden and Dean, 2000; Olsen et al. 2004; Pappas et al. 2007; Sigward 
and Powers, 2006; Landry et al. 2007; Ford et al. 2011 Ortiz et al. 2011; 
Vanrenterghem et al. 2012; Imwalle et al. 2013; Kristianslund and Krosshaug, 2013; 
Fox et al. 2017), with little focus on crossover cutting manoeuvres. Where previous 
studies that have compared between cutting manoeuvres, they have typically 
reported equivocal findings with some studies identifying higher knee abduction 
angles and moments during sidestep tasks (Besier et al. 2001; Potter et al. 2014), 
whereas others identified higher values during the completion of crossover 
manoeuvres (Malinzak et al. 2001; Harrison et al. 2008; Ortiz et al. 2011). The 
aforementioned studies may have yielded equivocal results due to the different 
methods and participants used. Nevertheless, previous attempts to determine the 
biomechanical markers associated with knee ligament injuries may therefore not 
thoroughly profile injury risk due to the common disregard of crossover cutting 
manoeuvres. Biomechanical assessments of cutting manoeuvres should therefore 
consider both sidestep and crossover manoeuvres in relation to potential injury risk. 
 
Consideration also needs to be made in relation to the angle of cut. A large range of 
cutting angles (30-180º) have previously been used during the completion of these 
cutting tasks (Besier et al. 2001; Landry et al. 2007; Greg, 2008; Haven and Sigward, 
2014; Vanrenterghem et al. 2012; Sankey et al. 2015). Where studies have utilised a 
larger cutting angle, they have typically recorded higher knee abduction angles and 
moments during cutting manoeuvres, thus aiding the use of these methods to 
determine potential injury risk (Imwalle et al. 2009; Havens and Sigward, 2015; 
Sigward et al. 2015). However, the functional relevance of these extreme cutting 
angles (i.e. 90-180º) is questionable. In support, ~83% of change of direction tasks 
during soccer match play occur within a 0-45º range (Bloomfield et al. 2007), albeit in 
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male soccer. It is also likely that female soccer players would predominately change 
direction during 0-45º ranges. Another consideration to make when conducting these 
cutting tasks is that they should be performed bilaterally, with previous 
epidemiological observations identifying between limb differences in injury incidence 
and injury types. However, the differences between female soccer playing ages 
during the completion of sidestep and crossover cutting manoeuvres have yet to be 
determined, thus future research is warranted.  
 
There are other methodological concerns in relation to assessing biomechanical 
markers of knee ligament injury risk during the completion of cutting manoeuvres. In 
addition to the type of cutting manoeuvre, various approach speeds have been 
adopted during the assessment of knee biomechanics that range from 3-9m/s 
(Sigward and Powers, 2006; Landry et al. 2007; Ford et al. 2011 Ortiz et al. 2011; 
Vanrenterghem et al. 2012; Imwalle et al. 2013; Kristianslund and Krosshaug, 2013; 
Fox et al. 2017). As running velocity influences kinematic and kinetic parameters of 
the knee joint, it is also difficult to select an appropriate approach speed during cutting 
tasks. Although there is evidence to suggest that cutting tasks are associated with 
the incidence of knee ligament injuries (Brophy et al. 2014; Waldén et al. 2015), there 
is a lack of empirical evidence derived from biomechanical analyses. For instance, no 
study has quantified the relationship of biomechanical measures of the knee joint in 
relation to injury risk from prospective cohort studies (Sharir et al. 2016), where such 
observations are required when establishing injury risk factors (Bahr, 2016). There is 
also limited evidence that identified if cutting tasks can distinguish between those who 
are injured and injury free (Sharir et al. 2016). Although change of direction tasks are 
relevant to the movements associated with injury, the methods associated with 
change of direction tasks require further considerations in relation to screening for 





Where previous research has utilised sidestep and crossover cutting manoeuvres, 
they have typically done so with the use of a running approach prior to the change of 
direction (Besier et al. 2001; Landry et al. 2007; Greg, 2009; Haven and Sigward, 
2014; Vanrenterghem et al. 2012; Sankey et al. 2015). Additional studies have 
adapted this method by incorporating a hopping approach prior to the change of 
direction task appreciate the mutiplanar mechanisms of knee ligament injuries 
(Rudolph et al. 2000; Ortiz et al. 2011). Such hopping tasks has identified significant 
differences between healthy controls and ACL reconstructed participants for sagittal 
and frontal plane knee biomechanics when including a change of direction component 
(Deneweth et al. 2010; Orishimo et al. 2010; Oberländer et al. 2012; Roos et al. 2014). 
Similar evidence for running based cutting manoeuvres are currently not available in 
literature, and as such, it is unclear if these tasks can differentiate between those with 
and without injury. Whilst the knee kinematics and kinetics exhibited during the 
completion of hopping tasks can differentiate between controls and previously injured 
participants, it is unclear whether these assessments can also make similar 
observations between those with varying levels of injury risk. When considering that 
female soccer players are predisposed to an increased risk of knee ligament injuries 
(Harmut et al. 2008; Waldén et al. 2011) with risk further enlarged in youths (Brophy 
et al. 2010; Hägglund and Waldén, 2015), significant differences in knee 
biomechanics may be identified between these cohorts of players. As such, hopping 
manoeuvres may identify exacerbated knee biomechanics in youth female soccer 
players when compared to senior aged players that may be associated with increased 




Typically, biomechanical assessments of knee ligament injury risk are conducted 
without considering lower limb muscular strength. As previous literature has 
consistently identified that knee joint biomechanics and thigh musculature strength 
influences injury risk, such previous observations have not considered these factors 
jointly during injury risk screening. The lack of previous attempts for quantifying thigh 
musculature strength and knee joint biomechanics jointly may be due to that isokinetic 
dynamometry and 3D motion capture are different measurement tools. Nevertheless, 
the knee joint angles and velocities exhibited during isokinetic dynamometry may be 
used to subsequently inform the functional task used to quantify thigh musculature 
strength and knee biomechanics jointly. As such, based on previous observations, 
hopping manoeuvres appear to be an appropriate task to quantify thigh musculature 
strength since these movements are suggested to elicit similar knee angular velocities 
to those observed during isokinetic dynamometry (~200°·s-1) (Wang, 2011) when 
compared to running at 3.5m/s (~500°∙s-1) (Ferber et al. 2003). In turn, using 
predetermined isokinetic strength data defined at specific joint angles and velocities, 
thigh musculature strength may be quantified during the completion of hopping tasks 
as a function of knee joint angle and velocity. These considerations would also be 
able to determine if the thigh musculature strength are suitably developed to dissipate 
the moments placed upon the knee joint, and could influence injury risk relative to 
female soccer playing age. Issues associated with screening should therefore 
consider the tasks and mechanisms that are associated with injury risk, and the 
demands of soccer in order to identify both discrepancies in strength and movement. 
 
Determining Different Phases of Functional Movements   
Biomechanical assessments typically report peak values exhibited during the sagittal 
and frontal planes of the knee joint (Hewett et al. 2005; Landry et al. 2007; Havens 
and Sigward, 2015). Previous studies have also typically focussed on the point of 
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initial ground contact due to the reported association with knee ligament injury risk 
(Hewett and Myer, 2011; Norcross et al. 2013). By only considering the point of initial 
contact, these studies may disregard other important aspects of these tasks which 
may better indicate discrepancies in technique. Although functional movements 
encounter phases of eccentric and concentric muscular actions (De Villarreal et al. 
2010; Komi, 2011), biomechanical parameters rarely refer to these loading and 
propulsive phases of movement. Negative and positive knee angular velocities have 
been suggested to estimate the eccentric and concentric phases of movement, 
respectively (Komi, 2011), and could be used to determine the loading and propulsive 
phases of functional tasks. As the demands of the KF and KE are increased during 
higher knee angular velocities, this may in turn negatively affect knee biomechanics 
during functional tasks. Determining sagittal and frontal plane knee biomechanics 
during the loading phase of functional movements are further justified when 
considering the thigh musculature are required to dissipate large impact forces and 
maintain postural control during this period (Shimokochi and Shultz, 2008; Boden et 
al. 2010; Podraza and White, 2010). Moreover, the propulsive phase of functional 
movements coincide with the period where multiplanar demands are highest, and 
likely to exhibit the largest knee abduction angles and moments (Quatman, Quatman-
Yates and Hewett, 2010). These considerations may also be used to quantify thigh 
musculature strength values during at the aforementioned phases of hopping tasks. 
In turn, these approaches may be able to identify whether the moments placed upon 
the knee joint are disproportionate at specific phases of movement where injury risk 
is purportedly increased. 
 
2.6 Summary of Literature 
Epidemiological observations highlight that the reduction of KF and ACL injury risk in 
soccer players are of primary importance due to the prevalence and severity of these 
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injuries, respectively. As KF and ACL injuries are also influenced by playing age and 
gender of the soccer player, potential injury risk of these cohorts of players should 
also be determined, especially as senior aged males have been afforded the most 
attention. 
 
Aetiological factors associated with injury risk identifies previous injury as a key non-
modifiable risk factor for future injuries, thus reiterating the importance of preventing 
primary injuries. The reduction of primary KF and ACL injuries are relative to playing 
age and gender, and is therefore non-modifiable. However, injury risk in these cohorts 
of players are suggested to be modifiable by the strength characteristics of the thigh 
musculature, along with associated discrepancies in knee biomechanics identified in 
females. 
 
The criterion method of characterising thigh musculature strength is quantified 
through isokinetic dynamometry, but the associated procedures are performed at low 
testing velocities and disregard joint angle, thereby lacking functional relevance in 
both assessment and analysis. Procedures that determine thigh musculature strength 
should also be informed by kinematic analysis of functional movements that better 







3.1 General Methods 
Identification of Research Participants 
Participants for all studies were male and female soccer players belonging to 
professional teams that included senior and youth playing ages. For the purposes of 
the thesis, youth players were defined between 15-19 years of age, whereas senior 
players were defined from ≥ 20 years of age who were all outfield players. The 
inclusion criteria specified that all participants were able to successfully complete 
familiarisation trials before participating in experimental trials. Inclusion criteria also 
specified participants were free of lower limb injury 6 months prior to data collection, 
but did not exclude those with previous injuries to satisfy statistical power. The 
inclusion criteria also specified that all players were required to complete a minimum 
of ≥5hr∙week-1 of soccer specific activity. Participants were also removed from each 
respective study if they were allergic to tape, possessed cardiovascular or respiratory 
conditions and experienced pain or discomfort during any testing condition.  
 
Ethical Considerations 
All participants were informed of the associated risks with each study before providing 
written consent. Parent/guardian assent was also obtained for the youth players aged 
below 18 years of age and were present throughout all visits. The current study was 
also approved by a local university ethics committee and conformed to the 
Declaration of Helsinki. Prior to the start of each trial, all equipment was risk assessed 
and calibrated in accordance to the manufacturer’s guidelines. The primary 





Prior to each experimental condition, all participants were required to complete a 
health screening procedure comprising a health, physical activity, and pre-exercise 
control questionnaire, and the measurement of resting heart rate and blood pressure. 
Values of >90 beats∙min−1 and >140 mmHg/90 mmHg, respectively, were 
contraindications to exercise. Prior to each study, participants age (years), height 
(cm) and mass (kg) were measured and recorded using a wall-mounted stadiometer 
(Holtain, Harpenden HSK-BI, UK) and top pan scales (Seca, Germany). 
 
Experimental Designs 
Participants were required to attend the laboratory to complete familiarisation and 
experimental trials. In accordance with the participants regular training schedule, and 
in an attempt to control for circadian variation (Rae et al. 2015), all testing was 
conducted within participants typical training schedules. Participants attended the 
laboratory on each occasion in a 3hr post-absorptive state following a 48 hour 
abstinence of exercise factored into the respective team’s microcycle and refrained 
from alcohol consumption. As previous observations have identified that isokinetic 
strength measures of the thigh musculature are consistent across different phases of 
the menstrual cycle (Gür et al. 1997; Abt et al. 2007; Gordan et al. 2013), the thesis 
therefore did not control for menstruation for female participants. Prior to the start of 
each trial, participants were also required to complete a standardised 5 minute warm-
up on a stationary cycle ergometer (Monark, 824E, Sweden) at 60W. Data collection 
was conducted at the beginning of all participant’s preseason to control for seasonal 
variation. All participants were instructed to wear appropriate attire for all studies and 
testing conditions. Female participants in Section B of the thesis were instructed to 
wear non-reflecting clothing to eliminate erroneous data from the infrared cameras. 
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No performance feedback was provided to participants during all experimental trials 
to account for research bias and/or external influences.  
 
Isokinetic Dynamometry 
Section A of the thesis utilised an isokinetic dynamometer (System 4, Biodex Medical 
Systems, Shirley, New York, USA) to bilaterally assess the strength characteristics of 
eccKF and conKE. For studies 1, 3 and 4, isokinetic testing velocities were conducted 
in the order of 180, 270 and 60º·s-1 for sufficient reliability (Greig, 2008) (ICC’s: ≥ 
0.76). In accordance with previous observations (Drouin et al. 2004), 270º·s-1 was 
selected as the highest testing velocity since the dynamometer lever arm was unable 
to reach the pre-set velocity. For study 2, 8 isokinetic testing velocities were used to 
characterise the force-velocity strength profile of eccKF and conKE in the order of 
150, 180, 120, 210, 90, 240, 60 and 270º·s-1. This order of isokinetic speeds were 
implemented based on pilot data demonstrating angular velocities in ascending order 
elicited a fatigue response. For each lower limb, and at each angular velocity and 
contraction type, participants were instructed to perform three maximal contractions 
through their full range of movement. Passive knee flexion performed at 60º·s-1 
separated each repetition and a rest period of 60s interspersed each set (Croisier et 
al. 2008). No performance feedback was provided due to the reported effects on 
isokinetic torque (Campenella et al. 2000). Verbal instructions were also not provided 
due to the potential extraneous influence on force production (Marchant and Greig, 
2017). The range of motion of the knee joint was set at 25-90° (0° = full extension) 
with the anatomical reference set at 90°, and gravity corrected at 25° of knee flexion 
in accordance with the manufacturer’s guidelines. Each participant was secured in a 
seated position with approximately 90º hip flexion where the eccKF musculature is 
able to exhibit the highest PT when compared to increased hip extension, and specific 
to the late swing phase of movement (Mohamed et al. 2002; Guex et al. 2013a, 
2013b). In accordance with the manufacturers' guidelines, restraints were applied 
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proximal to the knee joint across the thigh, waist and chest, with the cuff of the lever 
arm secured 3cm proximal to the malleoli. The foot was placed in a neutral position 
in accordance with manufacturer’s guidelines, and based on previous observations 
that identified that thigh musculature activity and strength is not significantly 
influenced by foot position (McCaw and Melrose, 1999; Escamilla et al. 2001; Paoli 
et al. 2009). The lever arm alignment to the lateral femoral epicondyle was conducted 
in a position between knee extension and flexion to account for potential misalignment 
that can occur during the completion of the exercise. 
 
Data Analysis 
The isokinetic phase was identified at the constant angular velocity by applying a 1% 
cut-off. The PT and APT were identified, along with FR, was defined as the range 
over which 85% of PT was maintained. The PT values recorded from the eccKF and 
conKE assessments were used to calculate the DCR. The AST and DCRAST were 
identified at 10° increments between 70 and 40°. The choice of angular range and 
10° increments was based on the isokinetic data which was common across groups, 
contraction types and angular velocities that was identified with raw data. No 
smoothing of the raw data was undertaken since such analyses have only been used 
in ACL deficient participants (Czaplicki et al. 2015; Huang et al. 2017) who have been 
previously identified to possess irregular curves (Tsepis et al. 2004; Bryant et al. 
2011). Moreover, previous work in healthy and soccer populations have not included 
smoothing algorithms (El-Askher et al. 2015; Cohen et al. 2015; Evangelidis et al. 
2015; De Ste Croix et al. 2017) and may not be relevant or applicable for practitioners 




Three-Dimensional Motion Capture 
For section B of the thesis, 3D motion capture was used to biomechanically assess 
functional tasks. The trials comprised the completion of sidestep and crossover 
hopping manoeuvres (Figure 3.1) using a hopping approach prior to the change of 
direction task. Participants were instructed to unilaterally hop in a straight line on a 
predetermined limb over two 16cm hurdles to gather momentum. The third hop 
incorporated the change of direction component, where participants were required to 
land on a force-plate and perform a 45° cut over an additional hurdle. The 45° cutting 
angle was selected based on previous soccer match play notational data that 
identified the majority of change of direction tasks are commonly performed at such 
angles (Bloomfield et al. 2007). The participants were instructed to provide minimal 
ground contact time with each hop, in accordance with previous recommendations 
(Hamilton et al. 2008). In order to account for individual variation in height, the 
distance between each hurdle was standardised by the distance between the anterior 
superior iliac spine and lateral malleolus. The use of arm movements were prohibited 
to negate influences of the trunk and upper extremities on lower limb biomechanics 
(Hewett et al. 2010; Hewett and Myer, 2011; Frank et al. 2013). The direction of 
movement (sidestep or crossover) was instructed to participants prior to the 
commencement of each trial, with each instruction being delivered in a random order. 
In an attempt to eliminate the effects of fatigue, 60 seconds separated each hopping 
trial. Three hops for each lower limb and direction of manoeuvre were selected as the 
minimum number of trials to account for movement variation for all kinematic variables 
investigated (ICC's ≥ 0.73) (Mok et al. 2017). No performance feedback was provided 
through the experimental trial by the researcher to negate any external influences 
(Ford et al. 2015; Kiefer et al. 2015). Trials were repeated when participant lost 
balance during each trial and/or utilised arm movement to maintain postural control. 
In accordance with previous suggestions (Hamiltion et al. 2008), participants were 
allowed 1-3 practice attempts prior to data collection. 
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Figure 3.1 illustrates the sidestep (A) and crossover (B) cutting manoeuvre (Potter et al. 2014). 
 
Calibration was completed prior to the start of each experimental trial using a dynamic 
wand (Wand length 502.5mm). The calibration was successful when the standard 
deviation of the wand length was below 2mm, in line with the manufacturer's 
guidelines. A static calibration frame was used to minimise the source of error from 
differences in marker placement. Participants were bilaterally fitted with 16 retro-
reflective markers on the base of the first and fifth metatarsal, the lateral and medial 
malleoli, the lateral and medial femoral epicondyles, and over the anterior superior 
iliac spine and posterior superior iliac spine (Figure 3.2). Each reflective marker was 
placed directly onto the skin with double sided adhesive tape and further secured with 
hyperfix to further reduce artefact. These markers were recorded continuously at a 
sampling frequency of 120Hz via Qualisys Track Manager (QTM) and the associated 
9 high-speed infrared ProReflex MCU1000 cameras (Qualisys, QTM, version 
2.0.365, Sweden). Ground reaction force data was also recorded using a single force-




Figure 3.2 illustrates marker placements of the lower extremities. 
 
Data Analysis 
Following the completion of each trial, the kinetic and kinematic data were imported 
into Visual 3D software (Cmotion, California, USA), and processed for further 
analyses. This software was then used to model the pelvis, thigh, shank and foot. The 
model used a CODA (Charnwood Dynamics Ltd) pelvis orientation to define the hip 
joint centre (Bell et al. 1989). To control for variation in anatomical alignment, a 6 
degrees of freedom kinematic model for each participant's local joint coordinates were 
aligned to neutral standing. Marker trajectories were filtered through a low-pass cut-
off frequency of 12Hz in accordance with previous research that yielded acceptable 
reliability for functional tasks (ICC's ≥ 0.75) (Ford et al. 2007). The convention of 
kinetic and kinematic data identified knee flexion and knee adduction to be positive, 
whereas knee extension and knee abduction were negative. Moreover, the 
convention of knee adduction moments were also identified as positive, whereas 
abduction moments were negative. The contact phase with the force-plate was 
normalised to percentage of stance and was used for further analysis. The contact 
phase with the force-plate was identified when vertical ground reaction force 
exceeded 20N. Inverse dynamics were used to calculate peak knee extensor/flexor 
and adduction/abduction joint moments from motion and force data. The phases 
utilised for further analyses were peak values, initial contact (0.1 seconds following 
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ground contact), loading and propulsive phases of the hopping manoeuvres. The 
loading and propulsive phases of functional movements were determined by 
calculating knee angular velocity, where negative and positive velocity provides an 
estimation of loading and propulsive phases of movement, respectively (Komi, 2011).  
 
Data Analysis 
To establish the reliability of data comprised within each experimental chapter, ICC’s 
were calculated on all dependent variables. These calculations were performed on 
data collected during the experimental trials and on pilot data using the same 
participants identified in the experimental chapters. Pilot data was acquired by 
familiarising all participants to the experimental procedures, and following a minimum 
of 96 hours, participants completed the same testing conditions that replicated the 
experimental procedures. The data obtained following appropriate familiarisation was 
therefore used to ascertain the reliability of all dependent variables. In order to 
achieve sufficient statistical power (.0.8; P ≤ 0.05), the dependent variable that elicited 
the highest number of participants was used for the study sample size. The ICC’s 
performed in this thesis are interpreted as 0.2 = slight, 0.21–0.4 = fair, 0.41–0.6 = 
moderate, 0.61–0.8 = substantial, and .0.8 = almost perfect reliability (Landis and 
Coch, 1997). Further detail of additional statistical approaches used in this thesis can 






Angle and Velocity Specific Measures of Thigh 
Musculature Strength in Professional Male Soccer 
Players 
 
Angle and Velocity Specific Measures of Thigh 
Musculature Strength during Anterior Cruciate Ligament 
Rehabilitation in Professional Soccer: An Explorative 
Case Study 
 
Isokinetic Strength Differences Between Elite Senior and 
Youth Male Soccer Players 
 
Isokinetic Strength Differences Between Elite Senior and 






The prevalence and severity of KF and ACL injuries are a contemporary issue in elite 
soccer, and appear to be influenced by injury history, playing age and gender (LeGall 
et al. 2006, 2008; Harmut et al. 2008; Renstrom et al. 2008; Waldén et al. 2011; 
Ekstrand et al. 2011; Ekstrand et al. 2013; Hägglund et al. 2013; Waldén et al. 2013; 
Hägglund and Waldén, 2015; Ekstrand et al. 2016; Bahr, Clarsen and Ekstrand, 
2017). It is suggested that strength deficits and imbalances of the thigh musculature 
are risk factors for KF and ACL injuries (Askling et al. 2003; Hewett et al. 2007; 
Croisier et al. 2008; Fousekis et al. 2011; Petersen et al. 2011; van der Horst et al. 
2015; Augustsson and Ageberg, 2017; Attar et al. 2017; Lee et al. 2017), thus 
reinforcing the need to profile muscular strength. Isokinetic dynamometry that 
determines strength and imbalances of the thigh musculature are influenced by 
testing velocities and knee joint angles (Ashker et al. 2015; Cohen et al. 2015; 
Evangelidis et al. 2015; De Ste Croix et al. 2017), thus should be considered when 
determining strength in these cohorts of players.  
 
 
Section A of the thesis comprises of four experimental studies focusing on isokinetic 
strength assessments of the eccKF and conKE at a range of testing velocities and 
knee joint angles. The first study is focused on determining the KF and KE strength 
characteristics across a range of knee joint angles and velocities in order to establish 
analysis metrics. The defined procedures and metrics of the first study will 
subsequently inform the following studies comprised within this Section. The second 
study observed the late stage ACL rehabilitation responses in a professional male 
soccer player, and compared to the cohort of players in the previous study at the point 
of return to play. The application of the defined procedures and metrics are designed 
to observe the modifiable nature of contemporary thigh musculature strength 
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following prescribed rehabilitation, specific to knee joint angle and velocity. These 
procedures and metrics may also determine thigh musculature strength differences 
across soccer playing ages with pronounced differences in exposure to soccer-
specific activity and conditioning. Therefore, studies 3 and 4 of the thesis compared 
the procedures and metrics used to quantify isokinetic strength of the eccKF and 
conKE between senior and youth soccer players, relative to gender. As injury risk is 
also increased in youth soccer players, relative to gender, these cohorts of players 
may demonstrate impaired isokinetic strength characteristics of the eccKF and conKE 
musculature when compared to their senior counterparts. The overall aim of Section 
A of the thesis is to further develop procedures and metrics associated with isokinetic 
strength assessments of the thigh musculature in elite soccer players that are 
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Epidemiological research into high-intensity intermittent team sports including soccer 
has consistently identified knee ligamentous and thigh muscular strain injuries to be 
most prevalent (Woods et al. 2004; Renstrom et al. 2008; Ekstrand, Hägglund and 
Waldén, 2011). These injuries can lead to large financial (Mather et al. 2013) and time 
loss implications (Waldén et al. 2016). Waldén et al. (2016) reported that only 65% of 
professional male players who sustained ACL injury were able return to previous 
competitive levels. The aetiology of knee ligamentous, KF and extensor muscular 
injury has consistently identified reduced muscle strength as a risk factor (Nielsen 
and Yde, 1989; Croisier et al. 2008; Lee et al. 2017). 
 
The assessment of KF and KE strength is often conducted using isokinetic 
dynamometry (Greig, 2008; Lee et al. 2017; Van Dyk et al. 2016, 2017). However, 
literature to date has identified a limited association between injury incidence and the 
commonly utilised isokinetic indices of strength (Bennell et al. 1998; Sharir et al. 2016; 
Van Dyk et al. 2016). This lack of association might be attributed to the ways in which 
isokinetic strength characteristics are typically assessed and quantified. One of the 
most commonly utilised isokinetic metrics is that of peak torque (PT), which 
represents a single maximum to describe the torque-angle relationship at a 
predetermined velocity. This peak value negates an understanding of the sensitivity 
of strength to changes in angle, or how strength is maintained over the predetermined 
angular range. The angle of PT has been reported at ~70° (from full extension) during 
conKE contractions and ~35° for eccKF contractions in soccer players (Small et al. 
2010). This lack of angular coincidence has led to the development of angle-specific 
derivations of dynamic strength ratios (El-Ashker et al. 2015; Evangelidis et al. 2015). 
The use of angle-specific torque (AST) data has been advocated more broadly, given 




angles (Boden and Dean, 2000; Olsen et al. 2004; Hewett and Myer, 2011; 
Chumanov et al. 2012; Higashihara et al. 2015). However, whilst angle-specific 
measures of isokinetic strength have been assessed in recreational and semi-
professional soccer populations (Cohen et al. 2015; El-Ashker et al. 2015; Evangelidis 
et al. 2015), this profiling has not included professional players. 
 
An additional metric often reported in isokinetic analyses defines 'work' as the integral 
of the torque-angle curve, which Dvir (2014) considered of little relevance given its 
strong correlation with PT and the influence of (predetermined and standardised) 
range of motion. However, the capacity to quantify the maintenance of strength 
throughout an angular range would have clinical relevance to determine strength 
values at functionally relevant knee joint angles. The predetermined angular velocity 
is also a methodological issue in isokinetic dynamometry, with assessments often 
conducted at low angular velocities of ≤ 120°∙s-1 (Small et al., 2010) representing 
limited functional relevance. Running and change of direction tasks associated with 
thigh musculature and knee ligament injuries are characterised by knee angular 
velocities of ~400°∙s-1 (Nedergaard et al., 2014). Whilst the choice of angular velocity 
is ultimately limited by the dynamometer used, an inclusion of higher angular 
velocities is advocated (Greig, 2008). 
 
When considering aetiological risk factors for lower limb injury in soccer, the current 
practices associated with isokinetic strength assessments may not be entirely 
suitable for identifying injury risk. Angle-specific strength assessments across a range 
of angular velocities may offer a better method of identifying strength 
deficits/imbalances specific to the injury mechanisms and, in turn, provide additional 
information pertinent to injury prevention strategies. With implications for current 
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An a priori power calculation (G*Power 3.0.10) from pilot study data identified that a 
sample size of 26 was required to evaluate the interactions for all dependent variables 
(for statistical power .0.8; P ≤ 0.05). A total of 26 professional male soccer players 
(age 26.19 ± 4.65 years; height 181.65 ± 5.71 cm; mass 82.19 ± 9.01 kg) was 
therefore recruited for the current study. The participants were all full-time 
professional soccer players competing in the English soccer League Two. Inclusion 
criteria specified that the participants demonstrated the capacity to complete a 
familiarisation trial specific to the experimental trial, were outfield players and were 
injury free for a minimum of 6 months prior to testing. In the two weeks prior to testing, 
the participants all completed training volumes of > 10 h·week-1 in addition to weekly 
friendly matches. The current study was conducted following an 8-week pre-season 
schedule, immediately prior to the commencement of the 2016-2017 season. 
 
Statistical Analysis  
To establish whether statistically significant differences existed between the senior 
and youth playing ages, a repeated measures general linear (GLM) was performed. 
The assumptions associated with a repeated GLM were assessed to ensure model 
adequacy. To assess residual normality for each dependant variable, q-q plots were 
generated using stacked standardised residuals. Scatterplots of the stacked 
unstandardised and standardised residuals were also utilised to assess the error of 




completed for all dependent variables, with a Greenhouse Geisser correction applied 
if the test was significant. Where significant main effects or interactions were 
observed, post hoc pairwise comparisons with a Bonferonni correction factor were 
applied with 95% CI for differences were also reported. Partial eta squared (η2) values 
were calculated to estimate effect sizes for all significant main effects and 
interactions. Partial eta squared was classified as small (0.01 to 0.059), moderate 
(0.06 to 0.137) and large (>0.138) (Cohen, 1988). All statistical analysis was 
completed using PASW Statistics Editor 22.0 for windows (SPSS Inc, Chicago, USA). 




Figure 4.1 summarises the relationship between PT and angular velocity for eccKF 
and conKE. The GLM did not identify an interaction for angular velocity, contraction, 
and limb (P = 0.192; η2 = 0.069). There was however a significant contraction and 
angular velocity interaction (P < 0.001; η2 = 0.804), with post-hoc analyses identifying 
significantly higher values recorded for the conKE (240.0 ± 31.6 Nm) data recorded 
at 60°∙s-1 when compared to the corresponding eccKF data (188.7 ± 27.2 Nm; 95%CI: 
34.5 to 64.7 Nm; P < 0.001). Significantly higher eccKF (190.7 ± 43.8 Nm) data was 
also recorded at 270°∙s-1 when compared to the corresponding conKE data (166.7 ± 
28.7 Nm; 95% CI: 9.9 to 33.9 Nm; P = 0.001). The ICC conKE PT at 60°∙s-1 (0.92), 
180°∙s-1 (0.89), and 270°∙s-1 (0.81) were almost perfect. Likewise, the ICC values 
calculated for eccKF PT data recorded at 60°∙s-1 (0.86), 180°∙s-1 (0.83), and 270°∙s-1 





Figure 4.1 The influence of angular velocity on conKE (■) and eccKF (●) PT. * denotes 
significant difference between contraction types. 
 
Angle of Peak Torque 
The GLM did not identify interactions for contraction, angular velocity, and limb (P = 
0.755; η2 = 0.004). There was however a significant (P < 0.001; η2 = 0.939) 
contraction and angular velocity interaction. Table 4.1 summarises the influence of 
angular velocity on APT, and identified that the eccKF and conKE PT occur at 
significantly different knee joint angles. The ICC conKE APT values calculated at 
60°∙s-1 (0.72), 180°∙s-1 (0.70), and 270°∙s-1 (0.67) were substantial. Likewise, the ICC 
values calculated eccKF APT data recorded at 60°∙s-1 (0.71), 180°∙s-1 (0.66), and 
270°∙s-1 (0.65) were also substantial. 
 
Table 4.1 The influence of angular velocity and contraction type on APT. 95% 
CI for the significant interactions are also presented. * denotes significant 
difference with the corresponding data from the conKE contraction. 
 eccKF APT (º) conKE APT (º) 95%CI (º) 
60°∙s-1 36 ± 9* 74 ± 6 34 to 42 
180°∙s-1 35 ± 13* 71 ± 7 29 to 37 




Dynamic Control Ratio  
The GLM identified no interaction for angular velocity and limb (P = 0.070; η2 = 0.109). 
However, a significant main effect for limb was identified (P = 0.018; η2 = 0.220), with 
significantly higher values recorded for the dominant limb (1.02 ± 0.06) when 
compared to the non-dominant limb (0.93 ± 0.20; 95%CI: 0.01 to 0.17). DCR also 
increased as a main effect for angular velocity (P < 0.001; η2 = 0.714), with the DCR 
data recorded at 270°∙s-1 (1.16 ± 0.25) being significantly higher than 180°∙s-1 (0.98 ± 
0.25; 95% CI: 0.10 to 0.25) and 60°∙s-1 (0.79 ± 0.22; 95% CI: 0.26 to 0.46). The ICC 
values recorded at 60°∙s-1 (0.84), 180°∙s-1 (0.83), and 270°∙s-1 (0.78) were substantial 
to almost perfect. 
 
Functional Range 
The influence of angular velocity and contraction on the FR is summarised in Figure 
4.2. The GLM did not identify interactions for contraction, angular velocity, and limb 
(P = 0.382; η2 = 0.041). There was however a significant (P < 0.001; η2 = 0.208) 
contraction and angular velocity interaction, with significantly higher eccKF FR (27 ± 
11º) data recorded at 60°∙s-1 when compared to the corresponding conKE FR data 
(21 ± 8º; 95%CI: 2 to 10º; P = 0.020). Additionally, eccKF FR (22 ± 8º) data recorded 
at 270°∙s-1 was significantly higher than conKE FR data recorded at the same angular 
velocity (12 ± 7º; 95%CI: 6 to 13º; P = 0.020). The ICC conKE FR values calculated 
at 60°∙s-1 (0.86), 180°∙s-1 (0.83), and 270°∙s-1 (0.77) were substantial to almost perfect. 
Likewise, the ICC values calculated for eccKF FR data recorded at 60°∙s-1 (0.84), 






Figure 4.2 The influence of angular velocity on the FR (at 85% PT) in conKE (■) and eccKF 
(●). * denotes significant difference between contraction types. 
 
Dynamic Control Ratio calculated from the AST data 
Table 4.2 summarises the influence of limb dominance and DCRAST. The GLM 
identified no interaction for limb, angular velocity and angle (P = 0.197; η2 = 0.071), 
whereas a significant limb, angle interaction identified (P = 0.002; η2 = 0.229). The 
ICC values calculated for the DCRAST data recorded between 70 and 40° ranged 
between 0.88-0.79.  
 
Table 4.2 The influence of limb and angle on the DCRAST data. 95% CI for the significant 
differences are also presented. * denotes a significantly higher value when compared 







70 0.81 ± 0.23 0.82 ± 0.34 
60 
0.99 ± 0.21 
*CI: 0.72 to 0.22 
 
0.80 ± 0.16 
50 
1.24 ± 0.21 
*CI: 0.03 to 0.30 
 
1.03 ± 0.19 





Angle Specific Torque 
Figure 4.3 summarises the influence of joint angle on the angle matched conKE and 
eccKF torque at each angular velocity. The GLM identified significant contraction, 
angular velocity, limb, angle (P = 0.001; η2 = 0.297) interactions, as identified in Table 
3.3. These data identify that conKE AST decreases with increased knee joint angle 
and velocity, whereas eccKF were significantly higher at matched angles. It was also 
identified that significantly higher eccKF AST for the dominant limb when compared 
to the non-dominant limb across specific knee joint angles and velocities. The ICC 
values calculated for the conKE AST data for all participants between 70 and 40° of 
knee flexion yielded substantial to almost perfect reliability (0.886-0.91). Likewise, the 
ICC values calculated for the eccKF AST data for all participants between 70 and 40° 








Figure 4.3 The influence of angular velocity on AST for conKE (■) and eccKF (●) * denotes 














Table 4.3 The influence of angular velocity, contraction type, limb and angle on the 














70 160.7 ± 27.9 145.6 ± 34.3 152.3 ± 14.6 147.3 ± 10.8 
60 134.4 ± 20.3 152.7 ± 32.5 162.9 ± 33.9 
#CI:11.9 to 45.2 
*CI: 9.7 to 40.2 
138.0 ± 25.0 
50 121.2 ± 29.0 122.5 ± 28.8 182.3 ± 33.8  
#CI: 44.2 to 
77.8 *CI: 9.4 to 
39.5 
162.9 ± 33.9 
#CI: 18.4 to 
52.0 
40 104.9 ± 26.6 112.5 ± 33.2 193.8 ± 35.6  
#CI: 72.2 to 
105.7 *CI: 7.5 to 
41.7 
169.3 ± 32.5 
#CI: 38.7 to 
74.8 
180°∙s-1 
70 167.1 ± 18.5  
#CI: 18.6 to 
42.0 
175.5 ± 35.6 #CI: 
28.5 to 62.1 
136.8 ± 26.2 130.2 ± 24.9 
60 163.8 ± 31.2 173.5 ± 39.4 #CI: 
21.8 to 46.8 
151.3 ± 27.5 139.2 ± 30.8 
50 140.3 ± 24.7 156.7 ± 32.6 *CI: 
3.2 to 29.6 
168.3 ± 32.3  
#CI: 11.7 to 
44.4 
153.0 ± 34.2 
40 117.9 ± 24.0 132.1 ± 32.6 *CI: 
1.46 to 26.9 
185.2 ± 37.1  
 #CI: 80.9 to 
83.6 
168.5 ± 36.9 
#CI: 25.2 to 
47.5 
60°∙s-1 
70 230.4 ± 35.3  
#CI: 66.2 to 
101.4 
228.1 ± 33.8  
 #CI: 81.6 to 
107.9 
146.6 ± 27.6 140.2 ± 28.3 
60 200.2 ± 30.1  
 #CI: 26.4 to 
49.1  
202.0 ± 35.7  
#CI: 41.1 to 68.0 
166.4 ± 29.3 162.4 ± 30.3 
50 171.5 ± 24.2  177.8 ± 35.2  177.8 ± 34.2 175.5 ± 37.3 
40 140.7 ± 18.9 138.2 ± 20.0 184.8 ± 49.4  
#CI: 24.4 to 
63.6 
177.8.8 ± 46.5 
 #CI: 11.8 to37.9 
#denotes a significantly higher value when compared to the corresponding data from the other 
contraction type. *denotes a significantly higher value when compared to the corresponding 





The primary aim of this study was to conduct a comprehensive isokinetic profile of 
the KF and KE in professional male players. The PT exhibited a significant 
contraction, angular velocity interaction; whilst eccKF strength was maintained, 
conKE strength decreased as a function of increasing angular velocity. The DCR was 
subsequently greatest at the highest angular velocity, with greater eccKF strength 
compared to conKE at angular velocities > 200°∙s-1. The eccKF also exhibited a 
significantly greater FR at the highest angular velocity. The FR is used to consider 
the shape of the strength curve, with a higher value indicative of a capacity to maintain 
≥ 85% of PT (Croisier et al., 2008) across a broader range of motion. The FR was 
higher for the eccKF at all angular velocities, but exhibited a contraction, angular 
velocity interaction whereby range decreased with increasing angular velocity. 
Practitioners involved in injury screening should therefore consider a player’s ability 
to maintain strength over a given range of motion (i.e. FR) at high angular velocities. 
 
The DCR data also exhibited a main effect for limb, with higher values recorded for 
the dominant limb. There was however no difference between limbs for PT, thus 
supporting previous observations of no significant bilateral strength differences in elite 
soccer players (Fousekis, Tsepis and Vagenas, 2010; Daneshjoo et al., 2013). In 
contrast, the AST data were significantly higher in the dominant KF musculature, with 
more pronounced differences recorded at increased knee extension angles. 
Isokinetic profiling should therefore incorporate the analysis of AST data to identify 
potential bilateral asymmetries which may predispose players to greater risk of injury 
(Croisier et al. 2008; Kim and Hong, 2011). This is of particular importance given the 





The lack of influence of angular velocity on eccKF PT supports previous research 
(Rocha et al. 2011). In contrast, Greig (2008) reported increased eccKF PT with 
increasing angular velocity, attributed to lower torque values at slow angular velocities 
compared with the present study. This might reflect the calibre or training status of 
the players used. The increase in strength ratios with increased testing angular 
velocity is in agreement with previous research (Kellis, ArabatzI and Papadopoulos, 
2003; De Ste Croix, Deighan and Armstrong, 2007; Hewett, Myer and Zazulak, 2008) 
and is attributed to decreased KE strength. Contrary findings have reported that the 
DCR decreases with increased knee extension (El-Ashker et al. 2015; Evangelidis et 
al. 2015), but these data were recorded closer to full extension where the ability to 
produce musculature force diminishes. 
 
The current data recorded at high angular velocities and extended joint angles 
synonymous with lower limb injury risk demonstrate increased eccKF PT and FR 
when compared to the conKE contractions. The observed discrepancies in the eccKF 
and conKE PT data also results in an increased DCRAST recorded at high angular 
velocities. In contrast, the current conKE strength data was however identified as 
being greater than the eccKF data but only during slow (60°∙s-1) angular velocities 
and at flexed knee positions (70º), where KF strain and knee ligamentous injury 
typically do not occur (Boden and Dean, 2000). It has previously been suggested that 
the risk of sustaining a KF strain or ligamentous injury is greater during high velocity 
movements during increased knee extension (Woods et al. 2004; Hägglund, Waldén, 
and Ekstrand, 2013; Kristianslund and Krosshaug, 2011). As such, the observed 
decrease in conKE strength at high angular velocities may therefore represent an 
aetiological risk factor. As such, this suggests that KE strength dominance in relation 




considering the aetiological factors with these injuries (Hewett et al. 2007, 2010; 
Croisier et al. 2008; Lee et al. 2017). 
 
Both KF and extensor musculature provide stability to the knee and ACL 
(Chmielewski et al. 2002; Hughes and Watkins, 2006), thus reducing anterior shear 
force and ACL injury risk (Doorenbosch and Harlaar, 2003; Kellis, ArabatzI and 
Papadopoulos, 2003). The KE musculature also helps to absorb shock and reduce 
strain during the initial ground contact from dynamic movements (Podraza and White, 
2010). It can therefore be suggested that players need to possess sufficiently 
developed and balanced KF and extensor musculature to help cope with the demands 
of soccer-specific activity and reduce injury risk. The current data suggest that an 
increased emphasis should be placed on the development of high velocity conKE 
strength at increased knee extension angles. 
 
The importance of considering a range of joint angles and angular velocities is 
apparent in the differences observed in the current APT data. Peak conKE torque 
was achieved at ~70º, whereas the eccKF torque was greatest at ~35º. The 
asynchrony observed in the APT data has implications for the traditional calculation 
of strength ratios derived from force magnitude alone (El-Ashker et al. 2015; 
Evangelidis et al. 2015), thus advocating the calculation of DCRAST. The DCRAST data 
recorded at 270°∙s-1 is comparable to values previously reported by Cohen et al. 
(2015) and Evangelidis et al. (2015). However, when comparing the DCRAST at slow 
angular velocities, the professional players tested in the current study elicited 
increased eccKF strength when compared to their lesser standard counterparts 
(Cohen et al. 2015; Evangelidis et al. 2015). As a result, this increased DCRAST 
values. The use of DCRAST can therefore be used to differentiate between players of 




ligamentous and muscular strain injuries are more likely to occur (Boden and Dean, 
2000). For example, in the current study, the observed reductions in conKE torque at 
high angular velocities and extended knee angles resulted in an increased DCRAST. 
 
When considering that thigh musculature and knee ligamentous injuries typically 
occur in extended knee positions and at high angular velocities, practitioners should 
consider isokinetic testing protocols and metrics which consider these factors. The 
additional and novel metrics utilised in the current study may also aid practitioners in 
determining strength deficits associated with ipsilateral and bilateral muscular 
asymmetries. Improved isokinetic screening practices should also be used to inform 
training paradigms, developing specificity in strength and power adaptations aligned 
with the specific demands of soccer. Given gender differences in specific injury 
incidences, such as ACL injury (Hewett et al. 2010); the same profiling could be 
applied to female players. Youth players might also be a focus to further understand 
the longitudinal development of muscle imbalances in soccer players. 
 
The use of isokinetic dynamometry imposes some inherent methodological issues, 
such as a restriction on obtaining isokinetic data close to full extension where injury 
risk is increased (Boden and Dean, 2000; Chumanov et al. 2012; Higashihara et al. 
2015). The dynamometer constraints also do not allow data collection at angular 
velocities higher than those used in the current study and which might more closely 
represent the mechanisms of injury (Dowling et al. 2012; Nedergaard et al. 2014). 
Irrespective of the aforementioned limitations, isokinetic dynamometry and muscular 
strength testing is a common practice in soccer. It is therefore important for sports 




identified in the current study, practitioners should attempt to develop methods to 
better utilise equipment to further inform practice. 
 
4.5 Conclusion 
Professional soccer players were able to maintain eccKF strength over a range of 
angular velocities, but conKE strength decreased with angular velocity and increased 
knee extension angles. The influence of angular velocity has implications for the 
calculation of strength ratios and thus a range of angular velocities is advocated. The 
lack of coincidence in the peak of the torque-angle curves advocates the use of AST 
for determining thigh musculature strength. The FR was included as a novel isokinetic 
parameter which reflects the shape of the strength curve. The eccKF musculature 
was better able to retain 85% of PT over a greater angular range, which might serve 
as a protective mechanism for injury. The interaction of joint angle and angular 
velocity on the thigh musculature relationship may also have implications in injury 
screening in elite soccer players during the completion of rehabilitation, playing age 
and gender. Further research may wish to identify whether these additional 
parameters are sensitive to detect changes during rehabilitation in injured soccer 
populations, especially when considering the importance of sufficiently developed 
eccKF strength for providing support to the knee at knee joint angles associated with 
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Parts of this chapter are under review in the International Journal of Athletic Therapy 





The first experimental chapter of the thesis identified that knee joint angle and velocity 
highly influence thigh musculature strength metrics in senior aged professional male 
soccer players. Specifically, with increased knee joint angular velocity, conKE 
strength diminished, whereas eccKF remained stable. Furthermore, conKE strength 
also diminished with increased knee extension angles, whereas the eccKF strength 
values increased. When considering that thigh musculature and knee ligament injury 
reportedly occur during increased knee angular velocities and extension, these 
findings do not reflect a conKE strength dominance which is a suggested risk factor 
for the aforementioned injuries. These procedures and metrics have yet to be 
considered in injured soccer players, and those with previous injuries. As such, it 
unclear if these procedures and metrics are able to identify differences between 
injured and non-injured soccer players. It is also unclear whether these metrics are 
sensitive to an acute bout of exercise during rehabilitation that may modify future 
injury risk.  
 
A study in professional male soccer reported that only 65% of players who sustain 
ACL injury return to previous competitive levels three years after injury (Waldén et al. 
2016). As such, primary ACL injuries increase the number of secondary injuries 
amongst professional soccer players and attributed to strength impairments of KF 
and KE musculature at the point of return to play (Schmitt et al. 2015; Kryitsis et al. 
2016). Given the functional role in stabilising the knee (Kellis et al. 2003; Hughes and 






Isokinetic assessments of concentric KF and KE strength are used to identify 
rehabilitation responses and bilateral asymmetry at the point of return to play 
(Thomas et al. 2013; Czaplicki et al. 2015). However, failure to consider the DCR 
(Aagaard et al. 1998) and slow testing velocities in relation to injury mechanism limits 
functional interpretation. Specifically, ACL injury risk is associated with lower DCR's 
that indicate higher KE strength relative to the KF musculature, thereby increasing 
ACL strain (Olsen et al. 2005; Grimdem et al. 2016). When also considering functional 
movements associated with ACL injury (Nedergaard et al. 2014) exhibit knee angular 
velocities that resemble the higher isokinetic testing velocities, and may enhance the 
functional relevance of isokinetic strength assessments. Furthermore, whilst 
isokinetic assessment of KF and KE strength is common within professional soccer 
(Croisier et al. 2008) the sole use of DCR fails to consider that KF and KE PT occur 
at different knee joint angles (Small et al. 2010; De Ste Croix et al. 2017). When 
considering the injury mechanisms associated with ACL injury (Boden and Dean, 
2000; Hsiao et al. 2014), angle-specific strength measures should be considered at 
relevant knee extension angles and angular velocities as previously identified in the 
previous experimental chapter.  
 
A common return to play criteria in professional soccer assesses bilateral strength 
asymmetry of both the injured and non-injured lower limbs, where values less than 
10% are considered acceptable (Grimdem et al. 2016). However, following a 
prolonged rehabilitation period, the detrained and atrophied non-injured limb may not 
represent a suitable control. Therefore, a healthy control group should be used to 
identify whether strength deficits exist in injured populations (Hsiao et al. 2014). 
Return to play guidelines also suggest KE strength asymmetries greater than 10% 
and returning to play before 9 months postoperative surgery are significant predictors 




rehabilitation. The primary aim of this study was to observe changes in a professional 
soccer player's isokinetic bilateral strength at varying angular velocities during late 
stage rehabilitation from ACL reconstructive surgery. A secondary aim of this study 
was to compare the case to a group of 26 non-injured players (from previous study) 
when their club decided the point of return to play. The final aim of this study was to 
consider both angle-specific and non-angle-specific strength ratios at the point of 
return to play. In relation to the aims of the thesis, the aims were to also assess if the 
procedures and metrics identified in the previous experimental study are modifiable 
and sensitive to compare injured and non-injured soccer cohort of players. 
 
5.2 Case Presentation 
Patient 
The case was a 26 year-old professional male soccer player (height: 184.50cm; 
mass: 84.50 kg) from the English Football League Division Two. The injury occurred 
in January 2016 during a contact situation where the case collided with an opponent 
attempting a tackle, injuring the dominant right lower limb (defined as the preferred 
kicking limb). The present injury occurred during the first 15 minutes of a match. The 
ACL injury was confirmed by a magnetic resonance imaging scan, revealing a grade 
III tear. Surgical reconstruction of the right ACL was performed via patella tendon 
graft 7 weeks after injury. An injury also occurred to the medial collateral ligament 
(MCL) with a grade III tear to the right lower limb ~5 months prior to the present injury. 
The case has also previously injured their left ACL ~8 years prior to the present injury. 
A hamstring tendon was used to reconstruct their left ACL. 
 
The M value quantified the slope of the force-velocity curve by each PT value for 
eccKF and conKE contractions across angular velocities. The M value calculated the 




relative to angular velocity, where a greater value represents a steeper slope. 
Strength ratios were defined as the DCR derived from the peak eccKF and conKE 
values, and DCRAST at 40º knee flexion. A rehabilitation response was determined by 
comparing the data recorded for both the treatment and uninvolved limbs across 
weeks of the rehabilitation. The within-subject standard deviation for all four 
assessments were used to calculate standard error of measurement (SEM) (Bland 
and Altman, 1996) for rehabilitation responses where changes greater than SEM 
were attributed to meaningful change (Mchorney et al. 1995). To determine a 
treatment effect, the data recorded from the initial assessment (week 18) was 
compared to that at the point where the club decided the player was returning to play 
(week 24). Where appropriate, both the rehabilitation and treatment effects were 
quantified using both absolute and relative differences. 
 
In addition to the aforementioned analyses, the final isokinetic strength assessment 
(week 24) was compared to a control group of 26 male soccer players belonging to 
the same soccer team identified in the previous experimental study (age 26.19 ± 4.65 
years; height 181.65 ± 5.71 cm; mass 82.19 ± 9.01 kg) who were injury free ≥ 6 
months, prior to data collection. All players within the control group had no previous 
history of surgery or trauma to the knee. The control group were selected from the 
same team to control for different training and completed isokinetic bilateral strength 
assessments of eccKF and conKE at 180, 270 and 60°·s-1 where PT and DCR were 
identified. The control group data comprised average PT, and the DCR data recorded 






Table 5.1 and 5.2 identifies the stage rehabilitation responses for the uninvolved limb 
and treatment limb during the assessment period, with Table 5.3 depicting the overall 
treatment effect during the rehabilitation period. Concerning the rehabilitation 
responses, bilateral PT discrepancies were identified for both the eccKF and conKE 
musculature at the initial assessment, with larger discrepancies identified for the 
conKE PT data. The bilateral differences were dependent on the biweekly 
assessment; however, at week 24, the differences in the eccKF PT (< 7.3Nm) across 
all angular velocities were 4%. In contrast, the bilateral differences in the conKE data 
recorded at week 24 across all angular velocities were 16%.  
 
In relation to the treatment effect, meaningful changes greater than SEM (PT: < 
30.2Nm; APT: < 23°) were identified for the eccKF PT and APT data recorded at 90-
270°·s-1 for the non-involved limb. A similar response was also observed for the 
treatment limb’s eccKF PT and APT data with meaningful changes also being 
identified at angular velocities of 60-240°·s-1. The treatment limb also demonstrated 
meaningful changes greater than SEM (< 23.5Nm) for conKE PT data recorded at 
angular velocities between 60-90°·s-1 and 150-270°·s-1, but not for data recorded at 
120°·s-1. The APT data recorded for the treatment limb’s conKE data also identified a 
meaningful effect (SEM: < 7°) at all angular velocities with the exception of both 120 
and 240°·s-1. In contrast to the other data, the change in the conKE PT and ATP data 
recorded for the non-involved limb were lower than the SEMs. In relation to the 
additional analyses, it was also identified that the eccKF and conKE slopes (as 
determined by the M values) decreased and increased respectively during the 





When the case returned to play, PT and DCR were compared to a control group, and 
illustrated in Figure 5.1. At the point of return to play, the conKE PT data recorded for 
the non-involved limb was within 10% of that elicited from the control group. The 
conKE PT data recorded for the treatment limb was substantially lower when 
compared control group (Figure 5.1). As identified in Figure 5.1, the eccKF PT data 
recorded across both of the case's limbs were similar to the controls. Due to the 
observed strength deficits in the conKE musculature, the DCR for the treatment limb 
was greater than both the control limb and control group (Figure 4.2). Table 4.4 
identifies differences between the DCR and DCRAST data, with increased DCRAST (40° 





















Figure 5.1 Isokinetic peak torque of conKE (a) and eccKF (b) at 60, 180 and 270º∙s-1 for uninvolved limb ( ), treatment limb ( ) of present case and control group (





Figure 5.2 The dynamic control ratio at 60, 180 and 270º∙s-1 for uninvolved limb ( ), 
treatment limb ( ) of present case and control group ( ) at return to play. 
 
5.3 Discussion 
This is the first study to explore angle-specific measures of eccKF and conKE at 
varying angular velocities during late stage ACL rehabilitation in a professional soccer 
player. The primary findings demonstrate the magnitude of PT increases during 
rehabilitation for the uninvolved and treatment lower limb across angular velocities. 
At return to play, eccKF PT of both lower limbs demonstrated no strength 
asymmetries; however, bilateral asymmetries were identified for the conKE data, thus 
predisposing the player to increased re-injury risk (Grimdem et al. 2016). Moreover, 
differences were identified between the case’s conKE data from the control group.  
 
Typically practitioners identify strength asymmetries between injured and non-injured 
limbs, forming part of return to play criteria (Grimdem et al. 2016). However, the use 
of bilateral asymmetries are not entirely appropriate as detraining effects can also 
occur in a non-injured limb (Thomas et al. 2013) In relation to the first aim, at week 
18 large bilateral differences were observed across all angular velocities for both the 
 
93 
eccKF and conKE musculature. The bilateral differences did fluctuate throughout the 
rehabilitation period; however, lower bilateral differences were consistently identified 
for the eccKF data. The conKE data however elicited a response whereby the bilateral 
differences were consistently greater than those associated with the eccKF data, and 
at the final assessment, the observed differences were greater than the 10%. When 
considering the role of the KE musculature in relation to knee stability (Kellis et al. 
2003) these data therefore suggest that at the point of return to play, the player may 
be at an increased risk of re-injury (Schmitt et al. 2015; Grimdem et al. 2016 Kyritsis 
et al. 2016). Consequently, practitioners should monitor and focus on restoring conKE 
strength after an ACL injury, especially when considering that the current 
rehabilitation programme appears to be insufficient to develop the PT of the conKE 
musculature. It should however be acknowledged that for the current case, the club 
deemed the player to be ready to return to play even with the knowledge of these 
data. 
 
When considering the previous criticisms of bilateral comparisons to inform return to 
play decisions (Thomas et al. 2013) an alternative method is to compare the data 
recorded from the injured player to that of a non-injured control group. This was 
considered in relation to the second aim of the study, with the conKE and eccKF PT 
data recorded for both limbs being within the range of the control group, but not for 
the involved conKE musculature. These findings therefore reiterate that the present 
case's conKE strength was not sufficiently conditioned at the point of return to play. 
Moreover, DCR was considerably larger for the treatment limb when compared to 
both the uninvolved limb and the control group's data. This response is a result of the 
impaired conKE musculature identified at the point of return to play, and further 
advocates the use of a number of strength characteristics to determine a player's 
readiness to return to play. Furthermore, when considering the aforementioned 
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bilateral differences identified across the rehabilitation period, these data also support 
the use of a number of methods to inform return to play decisions.  
 
The rehabilitation responses for the treatment limb identified large changes in PT for 
both the eccKF and conKE musculature at all angular velocities, with direct influence 
on the force velocity slopes. As such, although the M value increased for the conKE 
data of the treatment limb, the observed change in the slope was small due to the 
somewhat similar upwards shift in torque identified for all testing velocities. The slope 
of the eccKF PT recorded across the angular velocities decreased during the 
rehabilitation period for both lower limbs. As such, the eccKF slope at the point of 
return to play better resembled that previously observed in non-injured players, 
whereby more consistent PT is observed across all testing velocities (Rocha et al. 
2011). These novel findings suggest that the force-velocity slope is modifiable through 
rehabilitation and training, with this response being relative to both the muscle group 
and contraction type. These data therefore have potential implication for exercise 
prescription and training adaptation monitoring. 
 
Although the changes in conKE APT were variable in both lower limbs during the 
assessment period, APT of eccKF demonstrated large changes with greater force 
production at increased knee extension angles. The observed shift of eccKF PT 
towards increased knee extension suggests that the KF musculature may better 
conditioned to stabilise the joint at angles associated with ACL injury (Boden and 
Dean, 2000; Olsen et al. 2005) These data therefore identify the importance of 
including a number of isokinetic metrics when analysing training induced changes in 




The calculation of DCR is typically performed using PT data without consideration 
that eccKF and conKE peak at different knee joint angles (Small et al. 2010). These 
ratios therefore negate consideration of angle matched torques, and also the 
consideration of ipsilateral imbalances in an extended position, where ACL injuries 
have previously been identified to most likely occur (Boden and Dean, 2000; Olsen 
et al. 2005). Previous studies have therefore attempted to assess DCRAST in soccer 
players, with a consensus that these players typically possess increased eccKF 
torque towards more extended knee angles when compared to the conKE 
musculature (Cohen et al. 2015; Evangelidis et al. 2015). This is supported by the 
current data, whereby DCRAST values were notably higher in the treatment limb, as a 
result of impaired conKE torque at increased knee extension angles across all testing 
velocities. These data therefore reiterate the importance of ensuring the conKE 
musculature possesses sufficient strength at more extended knee angles, and raises 
questions about the use of non-angle specific strength ratios as a means of 
determining return to play.  
In addition to the limitations of isokinetic dynamometry, as previously identified, there 
are further limitations associated with this study. As this present case did not obtain 
strength measurements prior to reconstructive surgery, comparisons cannot be made 
to baseline measures and must be acknowledged as a limitation. Moreover, since the 
present case had an MCL in the ipsilateral knee prior to the current ACL injury, it was 
not possible to control for prior injury. The current ACL injury occurred in a contact 






This present study provides insight into how eccKF and conKE adapt to late stage 
ACL rehabilitation in a professional male soccer player. The treated limb's eccKF PT 
and M values were similar to the uninvolved limb and control group, whereas conKE 
PT were substantially different in the treatment limb when compared to controls. 
Practitioners should be aware of the potential implications of patients prematurely 
returning to play and achieving bilateral strength asymmetries below 10% as 
suggested by previous literature. As it was identified that angle and velocity specific 
measures of eccKF and conKE strength were modified during acute bouts of exercise 
during rehabilitation is indicative of a reduced injury risk. However, as the review of 
literature identified youth male soccer players are predisposed to an increased risk of 
injury when compared to senior aged players, there appears a need to consider these 
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The previous experimental chapter identified that the traditional PT data and their 
associated DCR values, including their angle-specific derivatives, were sensitive to 
injury status, and modifiable through an appropriate training stimulus. As the previous 
experimental chapter demonstrates that the procedures and metrics proposed by this 
thesis are modifiable following an acute bout of exercise, responses over a prolonged 
period of time may also be observed. Since youth soccer players are predisposed to 
an increased injury risk when compared to their male counterparts, prolonged periods 
of soccer specific exercise may adapt the strength profiles in senior aged soccer 
players, thereby modifying and potentially reducing injury risk. Differences in thigh 
musculature strength between senior and youth soccer players may consequently 
influence injury risk in younger players.  
 
Epidemiology studies in professional soccer have reported thigh musculature strains 
to be prevalent in both male professional (Ekstrand et al. 2011, 2013) and youth 
soccer players (LeGall et al. 2008; Renshaw and Goodwin, 2016). When compared 
to their senior counterparts, there appears to exist a greater proportion of thigh 
musculature injuries in youth players (LeGall et al. 2006) specifically between 16-18 
years of age (Renshaw and Goodwin, 2016) and particularly in players following 
adolescent growth (Van Der Sluis et al. 2015). Given the specific injury epidemiology 
and potential influence of adolescent growth, strength deficits in elite youth soccer 
players have implications for performance and injury (Kellis et al. 2001; Croisier et al. 
2008). In support, it has been suggested that strength of the thigh musculature is a 
modifiable risk factor in preventing muscular strains in soccer (Askling et al. 2003; 
Croisier et al. 2008), thus identifying the strength training needs of elite youth soccer 
players would inform the development of effective strength and conditioning 
interventions. As such, it appears that training history and training exposure may also 
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influence thigh musculature strength and potential injury risk (De Ste Croix et al. 2002, 
Cloke et al 2012). Considering that weekly training load increases in youth soccer 
players with playing age (Wrigley et al. 2012), practitioners therefore need to ensure 
that youth players possess sufficient muscular strength capabilities to cope with the 
increased training and match demands, which can lead to increased thigh 
musculature strain injury risk (Price et al. 2004). In order to implement appropriate 
strength training strategies for youth players, practitioners are to utilise relevant 
methods of assessing thigh musculature strength for identifying potential injury risk 
and monitoring training progress.  
 
Recent literature has begun to question the ability of isokinetic strength assessments 
to predict injury risk in soccer (Lee et al. 2017; Van Dyk et al. 2016, 2017). The lack 
of efficacy in isokinetic profiling could potentially be attributed to methodological 
limitations in quantifying strength, such as negating the effects of testing velocity and 
joint angle when determining thigh muscular strength, as identified by the thesis. 
Although angle-specific measures of isokinetic strength have been assessed in senior 
soccer players (Cohen et al. 2015; El-Ashker et al 2015; Evangelidis et al. 2015), this 
has not previously been utilised in elite youth male soccer players. The use of angle 
and velocity specific assessments of the thigh musculature were identified to be 
modified by acute bouts of exercise during rehabilitation in a professional male soccer 
player, thus these measures may also be influenced by prolonged exposure to soccer 
specific exercise. In turn, angle and velocity specific measures of isokinetic strength 
may identify whether youth male soccer players possess increased strength 
discrepancies and imbalances when compared to senior aged players, in accordance 




The aforementioned isokinetic procedures and metrics may identify a more holistic 
profile of related factors that could inform the prescription of age specific strength and 
conditioning in an attempt to reduce injury risk, in particular to youth male soccer 
players. The current study aims were to assess and compare the strength 
characteristics of eccKF and conKE musculature of youth and senior soccer players 
using both traditional (PT, APT, and DCR) and angle-specific isokinetic metrics (AST, 
FR, AST and DCRAST). It was hypothesised that youth players would possess strength 
deficits and/or imbalances of the thigh musculature that may be associated with 
greater injury risk. Highlighting strength deficits should subsequently inform 




An a priori power calculation (G*Power 3.0.10) was conducted using pilot study data, 
with 17 participants being identified for each age group to evaluate the interactions 
for all dependent variables (for statistical power .0.8; P ≤ 0.05). Therefore, seventeen 
senior professional soccer players (age 25.09 ± 3.83 years; height 182.46 ± 3.82cm; 
mass 83.23 ± 10.01kg) and seventeen elite youth soccer players (age 17.00 ± 0.6 
years; height 179.69 ± 4.75cm; mass 70.18 ± 6.33kg) from the same club in the 
English Soccer League Division Two were recruited. To control for previous injury, all 
players were free from lower limb injury for > 6 months prior to data collection. In 
addition to weekly matches, the two groups possessed similar weekly training 
volumes of ~10hr∙week-1. The health screening procedure comprised the completion 
of a health, physical activity and pre-exercise control questionnaire and the 
measurement of resting heart rate and blood pressure. Values of >90 beats∙min−1 and 
>140 mmHg/90 mmHg respectively were contraindications to exercise. All 
participants were informed of the associated risks associated with this study before 
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providing written consent. Parent/guardian consent was also obtained for the youth 
players aged below 18 years. The current study was also approved by a local 
university ethics committee. All equipment was risk assessed and calibrated in 
accordance to the manufacturer's guidelines. 
 
Statistical Analysis 
To establish whether statistically significant differences existed between the senior 
and youth playing ages, a repeated measures GLM was performed. The assumptions 
associated with a repeated GLM were assessed to ensure model adequacy. To 
assess residual normality for each dependant variable, q-q plots were generated 
using stacked standardised residuals. Scatterplots of the stacked unstandardised and 
standardised residuals were also utilised to assess the error of variance associated 
with the residuals. Mauchly's test of sphericity was also completed for all dependent 
variables, with a Greenhouse Geisser correction applied if the test was significant. 
Where significant main effects or interactions were observed, post hoc pairwise 
comparisons with a Bonferonni correction factor were applied with 95% CI for 
differences were also reported. Partial eta squared (η2) values were calculated to 
estimate effect sizes for all significant main effects and interactions. Partial eta 
squared was classified as small (0.01 to 0.059), moderate (0.06 to 0.137) and large 
(>0.138) (Cohen, 1988). All statistical analysis was completed using PASW Statistics 
Editor 22.0 for windows (SPSS Inc, Chicago, USA). Statistical significance was set at 




No significant four-way interaction between limb, contraction, angular velocity, and 
age (P = 0.782; η2= 0.008) was identified for PT. A significant three-way interaction 
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for limb, contraction, and age (P = 0.047; η2 = 0.118) was however identified, with the 
eccKF (Senior 198.9 ± 30.9Nm; Youth = 158.3 ± 30.1Nm; 95%CI: 21.6 to 59.6Nm; P 
< 0.001) and conKE (Senior = 208.7 ± 23.27Nm; Youth = 173.6 ± 27.4Nm; 95%CI: 
15.5 to 46.4Nm; P < 0.001) data recorded for the dominant limb being significantly 
higher for senior players when compared to the youth players. A similar trend was 
observed for the eccKF (Senior = 178.8 ± 20.8Nm; Youth = 150.4 ± 25.8Nm; 95%CI: 
13.8 to 43.0Nm; P < 0.001) and conKE (Senior = 204.5 ± 30.7Nm; Youth = 168.2 ± 
29.8Nm; 95%CI: 21.3 to 59.7Nm; P < 0.001) data recorded for the non-dominant limb. 
The ICC values calculated for the Senior and Youth conKE PT data recorded at 60°∙s-
1 (Senior: 0.91, Youth: 0.87), 180°∙s-1 (Senior: 0.87, Youth: 0.89), and 270°∙s-1 (Senior: 
0.83, Youth: 0.84) were almost perfect. Likewise, the ICC values calculated for the 
Senior and Youth eccKF PT data recorded at 60°∙s-1 (Senior: 0.88, Youth: 0.84), 
180°∙s-1 (Senior: 0.85, Youth: 0.89), and 270°∙s-1 (Senior: 0.83, Youth: 0.82) were 
almost perfect. 
 
Dynamic Control Ratio 
For the DCR data (Table 6.1, the GLM did not identify a significant three-way 
interaction for limb, angular velocity and age (P = 0.508, η2 = 0.021), nor any two-way 
interactions for limb and angular velocity (P = 0.294; η2 = 0.038), limb and age (P = 
0.116; η2 = 0.076) and angular velocity and age (P = 0.115, η2 = 0.067). There was a 
significant main effect for limb (P = 0.017; η2=0.166), with higher values recorded for 
the dominant limb (0.98 ± 0.19) when compared to the non-dominant limb (0.91 ± 
0.16; 95% CI: 0.01 to 0.13). A significant main effect for angular velocity (P < 0.001; 
η2 = 0.809) was also identified with higher values recorded at 270°∙s-1 (1.13 ± 0.22) 
when compared to both 180°∙s-1 (0.96 ± 0.15; 95%CI: 0.12 to 0.24) and 60°∙s-1 (0.75 
± 0.16; 95%CI: 0.32 to 0.45) and significantly higher values recorded at 180°∙s-1 when 
compared to 60°∙s-1 (95%CI: 0.15 to 0.26). The ICC values calculated for the Senior 
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and Youth DCR data recorded at 60°∙s-1 (Senior: 0.85, Youth: 0.83), 180°∙s-1 (Senior: 
0.83, Youth: 0.80), and 270°∙s-1 (Senior: 0.79, Youth: 0.77) were substantial to almost 
perfect. 
 
Angle of Peak Torque 
A significant four-way interaction for limb, contraction, angular velocity and age (P = 
0.048; η2 = 0.088) was identified for the APT data. Post-hoc pairwise comparisons 
identified the senior player’s dominant limb eccKF PT recorded at 270°∙s-1 (42 ± 12 º) 
occurred at significantly increased knee extension angles when compared to youth 
(57 ± 17 º; 95%CI: -25. to -5 º; P = 0.06). The ICC values calculated for the Senior 
and Youth conKE APT data recorded at 60°∙s-1 (Senior: 0.73, Youth: 0.68), 180°∙s-1 
(Senior: 0.69, Youth: 0.67), and 270°∙s-1 (Senior: 0.66, Youth: 0.70) were substantial. 
Likewise, the ICC values calculated for the Senior and Youth eccKF APT data 
recorded at 60°∙s-1 (Senior: 0.74, Youth: 0.70), 180°∙s-1 (Senior: 0.69, Youth: 0.70), 
and 270°∙s-1 (Senior: 0.72, Youth: 0.65) were also substantial. 
 
Functional Range 
For the FR data, the GLM did not identify a significant four-way interaction for limb, 
contraction, angular velocity and age (P = 0.854; η2 = 0.001), nor did it identify 
significant three-way interactions for limb, contraction and angular velocity (P = 0.218; 
η2 = 0.047), limb, angular velocity and age (P = 0.301; η2 = 0.128), or limb, contraction 
and age (P = 0.926; η2 < 0.001). As identified in Table 6.1, a significant contraction, 
angular velocity and age interaction (P = 0.006, η2 = 0.147) was identified, with senior 
player’s eccKF FR being higher than the youth players. The ICC values calculated for 
the Senior and Youth conKE FR data recorded at 60°∙s-1 (Senior: 0.83, Youth: 0.78), 
180°∙s-1 (Senior: 0.85, Youth: 0.77), and 270°∙s-1 (Senior: 0.79, Youth: 0.78) were 
substantial. Likewise, the ICC values calculated for the Senior and Youth eccKF FR 
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data recorded at 60°∙s-1 (Senior: 0.84, Youth: 0.81), 180°∙s-1 (Senior: 0.80, Youth: 
0.76), and 270°∙s-1 (Senior: 0.81, Youth: 0.73) were also substantial to almost perfect. 
 
 













204.7 ± 38.9 
 
180.2 ± 24.2 
 
154.1 ± 28.6 
 




195.3 ± 34.4 
 
178.5 ± 19.9 
 
161.5 ± 29.1 
 
153.0 ± 28.6 
 







246.8 ± 26.1 
 
 
242.3 ± 37.1 
 
 
215.9 ± 34.4 
 
 




196.9 ± 19.6 
 
206.0 ± 29.4 
 
166.8 ± 21.7 
 
162.6 ± 26.3 
 
270 170.8 ± 25.4 177.9 ± 25.7 138.3 ± 26.1 136.1 ± 27.8 
 
Angle Specific Torque 
As identified in Table 6.2, a significant five-way interaction for angle, angular velocity, 
limb, age and contraction (P = 0.030, η2 = 0.078) was identified for the AST data. It 
was identified the majority of the dominant limb AST data was higher in senior players 
when compared to youths. However, these differences were less pronounced in the 
eccKF AST data recorded for the non-dominant limb. Table 5.2 also identifies angle-
specific bilateral strength differences, with senior players demonstrating significantly 
higher dominant eccKF strength across joint angles recorded at 60 and 270°∙s-1 when 
compared to the non-dominant side. This response was not however observed for 
the youth players. The ICC values calculated for Seniors and Youths between 70-40º 
for conKE AST ranged between 0.91-0.86, 0.92-0.83, and 0.86-0.82 for data recorded 
at 60°∙s-1, 180°∙s-1 and 270°∙s-1, respectively, were almost perfect. Likewise, the ICC 
values calculated for Seniors and Youths between 70-40º for eccKF AST ranged 
between 0.90-0.81, 0.89-0.83, and 0.85-0.80 for data recorded at 60°∙s-1, 180°∙s-1 and 




Angle Specific Dynamic Control Ratio 
A significant four-way limb, angular velocity, angle and age interaction (P = 0.031; η2 
= 0.069) was identified for the DCRAST data. No significant differences in DCRAST data 
were identified between age groups in the dominant limb. However, for the data 
recorded from the non-dominant limb, significantly higher DCRAST data was recorded 
at 270°∙s-1 for the youth players when compared to senior players at both 70º (Youth 
= 1.20 ± 0.34; Senior = 0.99 ± 0.15; 95%CI: 0.02 to 0.39; P = 0.03) and 60º (Youth = 
1.13 ± 0.28; Senior = 0.90 ± 0.20; 95%CI: 0.05 to 0.40; P = 0.01) of knee flexion. The 
ICC values calculated for Seniors and Youths between 70-40º for DCRAST ranged 
between 0.88-0.82, 0.86-0.79, and 0.83-0.77 for data recorded at 60°∙s-1, 180°∙s-1 and 
270°∙s-1, respectively, were substantial to almost perfect.
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 Table 6.2 The influence of angular velocity, angle, and limb on isokinetic torque in senior and youth players. 95% 
confidence intervals for difference are also presented. 
Angle (º) 70 60 50 40 





154.3 ± 19.0 
*(2.2 to 29.7) 
138.3 ± 20.3 164.9 ± 31.2 
*(17.7 to 
59.4) 
~(8.1 to 39.9) 
126.3 ± 28.3 180.2 ± 34.4 
*(23.2 to 
70.0) 
~(9.7 to 41.3) 
133.5 ± 32.5 192.5 ± 35.6 
*(30.9 to 79.4) 
~(5.7 to 45.0) 





147.9 ± 12.0 136.8 ± 20.7 140.9 ± 21.0 132.4 ± 27.5 154.7 ± 21.0 135.5 ± 40.5 167.1 ± 23.7 
*(3.1 to 50.4) 




155.9 ± 36.9 
*(3.1 to 47.2) 
130.7 ± 25.0 147.1 ± 21.4 
*(2.4 to 30.3) 
130.7 ± 18.4 125.5 ± 22.0 
*(10.1 to 
40.3) 
100.4 ± 20.9 111.6 ± 18.5 
*(7.7 to 32.0) 







152.6 ± 25.6 
*(9.0 to 52.9) 
 
121.6 ± 36.2 
 
160.1 ± 25.0 
*(25.9 to 
56.0) 
119.2 ± 17.5  
127.6 ± 23.5 
*(7.4 to 42.1) 
 
102.8 ± 26.3 
 
121.7 ± 21.2 
*(20.5 to 56.2) 
 





140.7 ± 28.8 
*(7.4 to 40.8) 
117.0 ± 16.2 154.6 ± 29.50 
*(8.7 to 44.0) 
128.3 ± 20.1 169.3 ± 32.6 
*(11.7 to 
51.2) 
137.8 ± 23.3 185.7 ± 34.2 
*(18.4 to 63.0) 









173.6 ± 15.3 
*(12.1 to 
37.1) 
149.0 ± 20.2 169.3 ± 30.1 
*(8.9 to 42.2) 
143.7 ± 15.3 147.6 ± 27.4 
*(6.7 to 41.5) 
123.4 ± 21.8 127.7 ± 32.4 
*(14.6 to 53.4) 











146.0 ± 20.0 
 
177.8 ± 28.3 
*(8.2 to 47.6) 
 
149.9 ± 28.2 
 




131.8 ± 25.0 
 
136.2 ± 24.6 
*(18.2 to 53.6) 
 
100.2 ± 26.0 
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152.0 ± 27.4 
*(19.2 to 
54.8) 
~(9.1 to 30.0) 
115.0 ± 23.5 167.2 ± 30.2 
*(21.1 to 
62.9) 
~(9.4 to 31.0) 
125.2 ± 29.6 181.1 ± 34.6 
*(19.5 to 
63.8) 
~(7.7 to 35.0) 
139.4 ± 28.5 188.6 ± 39.6 
*(21.9 to 70.3) 





132.7 ± 26.6 
*(1.2 to 39.3) 
112.4 ± 26.9 146.8 ± 29.6 
*(2.5 to 43.9) 
123.5 ± 29.7 159.9 ± 28.7 
*(7.6 to 49.0) 
131.5 ± 30.4 172.6 ± 25.7 
*(20.7 to 62.7) 










190.9 ± 46.1 
 




155.8 ± 29.9 
 




131.3 ± 23.2 
 
142.8 ± 20.0 
*(24.4 to 53.0) 
 











188.0 ± 45.7 
 




163.6 ± 45.8 
 




133.1 ± 36.2 
 
146.4 ± 31.7 
*(16.3 to 58.5) 
 





The purpose of this study was to assess and compare the strength characteristics of 
eccKF and conKE musculature between youth and senior soccer players using both 
traditional and angle-specific isokinetic metrics. It was identified that there were no 
statistical differences in eccKF and conKE PT and DCR across the two groups across 
all angular velocities, suggesting equivalence and potentially identifying training 
needs incorrectly. There was however significantly higher AST values identified for 
the senior players compared to youths for eccKF and conKE at all angular velocities 
throughout the defined angular range in both lower limbs. Furthermore, senior players 
were also able to elicit a larger FR and APT closer to knee extension at 270°∙s-1 for 
the eccKF musculature. Although DCRAST was significantly higher in the youth players 
compared to seniors at 270°∙s-1, these findings were observed at 70 and 60º of knee 
flexion and may not be meaningful since thigh musculature injuries occur at increased 
knee extension angles (Chumanov et al. 2012). The present data suggest strength 
and conditioning coaches should utilise angular velocity and angle-specific measures 
of isokinetic strength to inform subsequent training interventions. Specific training 
interventions may then be implemented to increase force production at higher knee 
angular velocities during increased knee extension where players are most 
susceptible to muscular strains (Chumanov et al. 2012).These measures are able to 
inform angular velocity and angle-specific exercise prescription for the development 
of lower limb musculature strength for the reduction of injury risk and benefit 
performance, particularly with youth players. 
 
The non-significant differences observed in the current PT and DCR data are not in 
support of previous findings that identified differences in eccKF and conKE PT data 
recorded across different soccer playing ages (Gür et al. 1999; Kellis et al. 2001). It 




ages (10-25 years) when compared to the current study, suggesting these metrics 
may only be sensitive to more pronounced physical differences such as, but not 
limited to, age, adolescent growth, training history, training exposure and injury status 
(De Ste Croix et al. 2002; Van Der Sluis et al. 2015; Wrigley et al. 2012). As such, 
alternative isokinetic metrics are advocated to compare thigh musculature strength 
between players with more comparable characteristics and weekly training loads. The 
current PT and DCR data is therefore in support of recent research that has 
questioned the sensitivity of these metrics in identifying players who possess 
increased risk of injury (LeGall et al. 2006; Renshaw and Goodwin, 2016).  
 
The APT and FR of youth players have not been previously compared to senior 
players, limiting comparisons to previous studies. For example, the FR metric that 
was developed has only previously been assessed in professional male soccer 
players (first study of the thesis). The current data identified that the APT data 
recorded at 270°∙s-1 in the senior players occurred at significantly increased knee 
extension angles when compared to the youth players. The senior players were also 
able to generate a significantly larger eccKF FR at 270°∙s-1 in comparison to youth 
players. When considering the aetiology of thigh muscular strains and knee 
ligamentous injuries (Boden and Dean, 2000; Chumanov et al. 2012), the observed 
differences in the APT and FR data suggests the youth players may be at an 
increased risk of thigh musculature injuries compared to senior players. The first 
experimental chapter of the thesis identified a player's FR depends on both the 
angular testing velocity and contraction type. Whilst this was also the case in this 
present study, eccKF FR in youth players reduced with increased angular velocity; 
however, this was not identified in senior players. With this in mind, youth players may 
be at further increased risk of KF injury compared to senior players. As a result, 
practitioners should identify the APT and force maintenance throughout knee range 




velocities to help determine injury risk (Nedergaard et al. 2014). Therefore, 
practitioners may need to consider the implications of velocity specific training for 
improving strength discrepancies at higher angular velocities. Similarly, it has been 
previously identified that training at higher velocities improves force production in 
high-speed movements through the use of Olympic lifting and manipulating 
contraction speed of traditional exercises (Kawamori et al. 2004, 2006). The 
aforementioned exercises can also be performed at precise knee joint angles to 
promote further muscular strength increases at specific angles (Barak et al. 2004; 
Mcmahon et al. 2014) and may also be used in conjunction with specific contraction 
velocities. 
 
As previously mentioned, the current AST data was significantly higher in senior 
players when compared to youth players across both limbs and across angular 
velocities. It must be noted the differences between playing ages were less 
pronounced when comparisons were made to the non-dominant eccKF data. These 
findings demonstrate senior players displayed greater limb asymmetry, potentially 
predisposing the non-dominant limb to an increased risk of KF injury (Croisier et al. 
2008). The increased limb asymmetry in senior players may also be linked to frequent 
single leg movement patterns encountered during soccer specific exercises 
(Nedergaard et al. 2014), developing a progressively increased limb dominance with 
playing age. These data suggest that limb asymmetries are developed as a result of 
prolonged soccer exposure and, as such, these asymmetries can be comparably 
reduced with a change in practice. The findings of the current study therefore suggest 
practitioners should consider bilateral asymmetries beyond the assessment of 





Although DCRAST was unable to distinguish between youth and senior players at 60 
and 180°∙s-1, it was sensitive to age at 270°∙s-1, with the youth players eliciting 
significantly higher DCRAST values in the non-dominant limb at knee flexion angles of 
70 and 60°. The observed differences in the DCRAST data can be accounted by higher 
conKE relative to eccKF values in senior players' non-dominant limb. Furthermore, 
these findings do not necessarily suggest the observed differences in the DCRAST 
data may be associated with an increased injury risk, since the differences between 
playing ages were identified in flexed knee positions, where injury typically does not 
occur (Chumanov et al. 2002). The present findings are in support of previous 
research identifying DCRAST differences between different standards of players 
(Cohen et al. 2015; Evangelidis et al. 2015), but their ability to distinguish between 
injured and non-injured soccer players and ability to predict injury risk have yielded 
equivocal findings (Lee et al. 2017; Van Dyk et al. 2016, 2017). Therefore, further 
prospective studies may wish to analyse these metrics to identify their association 
with injury risk. 
 
There are also limitations of this study that require identification .Although not directly 
assessed in this present study, torque was not normalized relative to body mass, 
where additional differences may also exist. However, normalization of isokinetic 
strength overcorrects for mass and strongly correlates with torque of the thigh 
musculatures (Zvijac et al. 2014). Irrespective of the aforementioned limitations, 
isokinetic dynamometry and muscular strength testing is a common practice in 
soccer. It is therefore important for sports scientists and fitness coaches alike to 
identify the limitations of equipment, but as identified in the current study, practitioners 






Isokinetic assessment is often used to quantify thigh musculature strength, with 
interpretation of the data informing strength training interventions. However, the 
current study highlights that commonly used metrics such as PT, and the derived 
DCRs, might lead to mis-interpretation of an athlete's needs. It is therefore 
recommended that isokinetic evaluation should be performed at specific joint angles, 
and with specific relevance to performance goals and/or injury risk. Furthermore, 
isokinetic assessments should be conducted across a range of velocities with greater 
functional specificity. In the current study, only when angle-specific measures of 
isokinetic strength were considered across testing velocities were youth players 
identified as possessing impaired strength when compared to their senior 
counterparts. As previously identified by the thesis, female soccer players are also 
suggested to be an increased risk of injury when compared to male soccer players, 
and further exacerbated in youths. As such there appears a need to consider these 
additional procedures and metrics to determine thigh musculature strength in female 






Isokinetic Strength Differences Between Elite Senior and 



















The thesis identified that the traditional metrics used to determine thigh musculature 
strength between senior and youth male soccer players were not statistically 
significant. When the addition of angle-specific measures were included, youth 
players were identified to possess a significantly reduced strength capacity of the 
thigh musculature, with potential implications for injury. However, it is yet to be 
established if senior and youth female soccer player demonstrates similar 
observations, and requires further research.  
 
Previous epidemiology research has also identified thigh and knee injuries being most 
prevalent in elite senior and youth female soccer players (Faude et al. 2005; LeGall 
et al. 2008), with youth players possessing an increased match-play injury incidence 
(~23 injuries) when compared to their senior counterparts (~18.5 injuries) (LeGall et 
al. 2008). The higher injury incidence in youth female soccer players has been 
associated with adolescent growth whereby players undergo a maturational change 
in stature that is disproportionate to the development of muscular strength (Hewett et 
al. 2006). Adolescent growth therefore results in an absolute muscular strength 
discrepancy between youth players and their senior peers indicative of an increased 
injury risk, impaired physical performance, and a reduced capacity to maintain 
postural control (De Ste Croix et al. 2002; Hewett et al. 2004). Although it could be 
suggested that the strength capacity of the two cohorts of players is relative to their 
maturational status (Manson et al. 2014), the demands of senior match-play and their 
respected training volumes are far greater than those experienced by adolescent 
players (Wrigley et al. 2012; Taylor et al. 2017). The observed discrepancies in injury 
incidence may therefore be associated with ineffective or inappropriate strength and 




to better prepare them for the demands of match-play alongside their senior 
colleagues. 
 
Strength is a primary and modifiable risk factor for thigh musculature strains in soccer 
(Croisier et al. 2008; Lee et al. 2017) and traumatic knee injuries in adolescent female 
athletes (Augustsson and Ageberg, 2017). In elite soccer, lower limb strength 
assessments are often completed using isokinetic dynamometry (Greig, 2008; 
Fousekis et al. 2011; Lee et al. 2017); however, limited focus has been afforded to 
elite female soccer players. Previous literature has used isokinetic dynamometry to 
compare male players of different playing ages (Gür et al. 1999; Kellis et al. 2001; 
Fousekis et al. 2011). This approach could be used with female players to better 
prescribe age specific strength and conditioning (Manson et al. 2014), and screen for 
potential injury risk (Söderman et al. 2002). Profiling of injury risk and prescription of 
exercise may be further complemented by angle and velocity specific measures of 
isokinetic strength. As the previous experimental chapter of the thesis identified no 
significant differences in PT across elite male soccer playing ages, AST was able to 
determine increases strength deficits in youths. Therefore, the inclusion of angle and 
velocity specific measures of isokinetic strength assessment may also identify similar 
observation in youth female soccer players when compared to senior aged players. 
Whilst these metrics have been previously quantified in male soccer players 
(Evangelidis et al. 2015), they are currently unexplored in female players, thus 
allowing better comparisons between groups and the identification of players at 
increased risk of injury. The current study aims to assess and compare bilateral 
strength characteristics of the eccKF and conKE musculature of youth and adult 







An a priori power calculation (G*Power 3.0.10) was conducted using pilot study data, 
with 17 participants being identified for each age group to evaluate the interactions 
for all dependent variables (for statistical power .0.8; P ≤ 0.05). Seventeen senior 
female professional soccer players (age 25.31 ± 4.51 years; height 167.89 ± 7.04cm; 
mass 63.12 ± 7.79kg) and seventeen female elite youth soccer players (age 16.91 ± 
1.16 years; height 165.92 ± 4.42cm; mass 60.07 ± 4.48kg) were therefore recruited. 
The participants were recruited from the same club with the senior females competing 
in the Women's Super League 1, the highest standard in female soccer in England. 
To control for previous injury, all players were free from lower limb injury for >6 months 
prior to data collection. In addition to weekly matches, player training volume was ~ 
10hr∙week-1 and ~ 5hr∙week-1 for senior and youth female players, respectively. Prior 
to each experimental condition, all participants were required to complete a health 
screening procedure comprising a health, physical activity, and pre-exercise control 
questionnaire, and the measurement of resting heart rate and blood pressure. Resting 
heart rate >90 beats∙min-1 and blood pressure >140 mmHg/90 mmHg, respectively, 
were contraindications to exercise. All participants were informed of the risks 
associated with this study before providing written consent. Parent/guardian assent 
was also obtained for the youth players aged below 18 years. The current study was 
also approved by a local university ethics committee, at the researcher's host 
university. Prior to the start of each trial, all equipment was risk assessed and 





Statistical Analysis  
To establish whether statistically significant differences existed between the senior 
and youth playing ages, a repeated measures GLM was performed. The assumptions 
associated with a repeated GLM were assessed to ensure model adequacy. To 
assess residual normality for each dependant variable, q-q plots were generated 
using stacked standardised residuals. Scatterplots of the stacked unstandardised and 
standardised residuals were also utilised to assess the error of variance associated 
with the residuals. Mauchly's test of sphericity was also completed for all dependent 
variables, with a Greenhouse Geisser correction applied if the test was significant. 
Where significant main effects or interactions were observed, post hoc pairwise 
comparisons with a Bonferonni correction factor were applied with 95% CI for 
differences were also reported. Partial eta squared (η2) values were calculated to 
estimate effect sizes for all significant main effects and interactions. Partial eta 
squared was classified as small (0.01 to 0.059), moderate (0.06 to 0.137) and large 
(>0.138) (Cohen, 1988). All statistical analysis was completed using PASW Statistics 
Editor 22.0 for windows (SPSS Inc, Chicago, USA). Statistical significance was set at 




As summarised in Table 7.1, the GLM identified a significant four-way interaction for 
age, angular velocity, contraction and limb (P = 0.016; η2 = 0.122), with significant 
differences identified between the youth and senior player’s in both limbs and across 
angular velocities. Bilateral differences were also identified for the eccKF data 
recorded for both groups, with increased discrepancies in the youth players. The ICC 




0.93, Youth: 0.87), 180°∙s-1 (Senior: 0.91, Youth: 0.89), and 270°∙s-1 (Senior: 0.87, 
Youth: 0.81) were almost perfect. Likewise, the ICC values calculated for the Senior 
and Youth eccKF PT data recorded at 60°∙s-1 (Senior: 0.86, Youth: 0.87), 180°∙s-1 
(Senior: 0.83, Youth: 0.81), and 270°∙s-1 (Senior: 0.80, Youth: 0.78) were substantial 
to almost perfect. 
 
Dynamic Control Ratio 
As summarised in Table 672, the GLM did not identify a three-way interaction for age, 
angular velocity and limb (P = 0.524; η2 = 0.050). Likewise, no two-way interactions 
for age and angular velocity (P = 0.679; η2 = 0.036) or age and limb (P = 0.304; η2 = 
0.071) were identified. There was also no significant main effect for limb (P = 0.101; 
η2 = 0.085); however, a significant main effect for angular velocity (P < 0.001; η2 = 
0.454) identified higher values recorded at 270°∙s-1 (1.30 ± 0.17) when compared to 
both 180°∙s-1 (1.16 ± 0.19; 95%CI: 0.27 to 0.73) and 60°∙s-1 (0.83 ± 0.31; 95%CI: 0.2 
to 0.31), and higher values recorded at 180°∙s-1 when compared to 60°∙s-1 (95%CI: 
0.18 to 0.49). The ICC values calculated for the Senior and Youth DCR data recorded 
at 60°∙s-1 (Senior: 0.88, Youth: 0.84), 180°∙s-1 (Senior: 0.83, Youth: 0.79), and 270°∙s-

















The influence of angular velocity on KF and extensor PT and FR in senior and youth 
players 




























150.4 ± 24.9 
*(3.2 to 34.3) 
 
131.6 ± 19.2 
~(8.5 to 33.1) 
 




143.8 ± 29.8 
*(15.8 to 50.0) 
 
110.9 ± 17.5 
 
29 ± 10 29 ± 10 
Dominant 
conKE 
112.3 ± 16.4 
*(6.5 to 34.7) 
 




115.0 ± 17.0 
*(9.9 to 35.4) 




155.9 ± 20.6 
*(7.2 to 37.06) 
 
133.8 ± 22.05 
~(11.4 to 38.6) 
 




145.6 ± 31.9 
*(18.7 to 54.8) 
 
108.8 ± 17.9 
 
29 ± 12 30 ± 10 
Dominant 
conKE 
131.4 ± 15.6 
*(6.4 to 31.0) 
 




131.1 ± 17.8 
*(13.5 to 41.1) 




147.2 ± 27.6 
*(8.9 to 40.8) 
~(3.5 to 24.9) 
122.3 ± 16.7 
~(6 to 27.4) 
 





132.9 ± 20.2 
*(14.1 to 40.5) 
 




176.4 ± 24.2 
*(6.8 to 41.3) 
 






180.8 ± 28.9 
*(17.9 to 55.1) 
 





 The influence of angular velocity on DCR calculated by eccKF: conKE in senior and 
youth players 
 
Angle of Peak Torque 
The GLM did not identify a four-way interaction for age, angular velocity, contraction 
and limb (P = 0.141; η2 = 0.059). There were also no significant three-way interactions 
for age, contraction and angular velocity (P = 0.499; η2 = 0.021), age, limb, and 
angular velocity (P = 0.060; η2 = 0.084) and age, limb and contraction (P = 0.854; η2 
= 0.001). The GLM also did not identify a two-way interactions for age and angular 
velocity (P = 0.178; η2 = 0.053), or age and limb (P = 0.794; η2 = 0.002). A significant 
main effect for limb was however identified (P = 0.004; η2 = 0.232) with higher values 
in the non-dominant limb (56.3 ± 0.2º) when compared to the dominant limb (53.5 ± 
0.3º; 95%CI: 1.0 to 4.7º). A significant main effect for angular velocity was also 
identified (P = 0.001; η2 = 0.206) with data recorded at 270°∙s-1 (56.9 ± 7.5º) being 
higher than that recorded at 180°∙s-1 (52.7 ± 8.6º; 95%CI: 1.6 to 6.8º) and the data 
recorded at 60°∙s-1 (55.1 ± 7.7º) being higher than that recorded at 180°∙s-1 (95%CI: 
0.1 to 4.7º). A significant main effect for contraction (P < 0.001; η2 = 0.953) was also 
identified with the conKE (67.4 to 5.7º) data being higher than eccKF (42.4 ± 10.42º; 
95%CI: 23.0 to 27.0º). The ICC values calculated for the Senior and Youth conKE 
APT data recorded at 60°∙s-1 (Senior: 0.76, Youth: 0.72), 180°∙s-1 (Senior: 0.70, Youth: 
0.68), and 270°∙s-1 (Senior: 0.65, Youth: 0.67) were substantial. Likewise, the ICC 
Group Senior Youth 
270°∙s-1 
Dominant 1.36 ± 0.22 1.55 ± 0.48 
Non-dominant 1.26 ± 0.24 1.23 ± 0.27 
180°∙s-1 
Dominant 1.21 ± 0.14 1.21 ± 0.21 
Non-dominant 1.10 ± 0.19 1.07 ± 0.25 
60°∙s-1 




0.74 ± 0.08 
 




values calculated for the Senior and Youth eccKF APT data recorded at 60°∙s-1 
(Senior: 0.71, Youth: 0.68), 180°∙s-1 (Senior: 0.66, Youth: 0.64), and 270°∙s-1 (Senior: 
0.64, Youth: 0.61) were also substantial. 
 
Functional Range 
As summarised in Table 7.1, the GLM did not identify a four-way interaction for age, 
angular velocity, contraction and limb (P = 0.821; η2 = 0.006). Likewise, no 
interactions for age, contraction, angular velocity (P = 0.425; η2 =0.026), age, limb 
angular velocity (P = 0.333; η2 = 0.034) or age, limb, contraction (P = 0.147; η2 = 
0.065) were identified. There were also no two-way interactions for age, angular 
velocity (P = 0.199; η2 = 0.049), age, contraction (P = 0.255; η2= 0.040), or for age, 
limb (P = 0.620; η2 = 0.008). There was also no significant main effect for limb (P = 
0.060; η2= 0.093); however, a significant main effect for angular velocity (P < 0.001; 
η2=0.217) was identified, with the data recorded at 270°∙s-1 (23.74 ± 7.19º) being 
significantly lower than that 180°∙s-1 (27.64 ± 9.23º) and 60°∙s-1 (27.06 ± 9.25º). A 
significant main effect for contraction was also identified (P < 0.001; η2 = 0.374) with 
higher values identified in eccKF musculature (28.91 ± 9.87º) when compared to 
conKE data (23.40 ± 6.86). The ICC values calculated for the Senior and Youth 
conKE FR data recorded at 60°∙s-1 (Senior: 0.86, Youth: 0.82), 180°∙s-1 (Senior: 0.83, 
Youth: 0.80), and 270°∙s-1 (Senior: 0.81, Youth: 0.77) were substantial to almost 
perfect. Likewise, the ICC values calculated for the Senior and Youth eccKF FR data 
recorded at 60°∙s-1 (Senior: 0.84, Youth: 0.81), 180°∙s-1 (Senior: 0.79, Youth: 0.77), 
and 270°∙s-1 (Senior: 0.75, Youth: 0.73 were also substantial to almost perfect. 
 
Angle Specific Torque 
The GLM identified a significant five-way interaction for age, angular velocity, 




were significant differences in the AST recorded across all angular velocities and 
angles between the senior and youth players. The ICC values calculated for the 
conKE AST data for all participants between 70 and 40° of knee flexion yielded 
substantial to almost perfect reliability (0.84-0.95). Likewise, the ICC values 
calculated for the eccKF AST data for all participants between 70 and 40° of knee 
flexion yielded substantial to almost perfect reliability (0.78-0.91). 
 
Angle Specific Dynamic Control Ratio 
The GLM did not identify a significant four-way interaction between age, angular 
velocity, limb, and angle (P = 0.053; η2 = 0.076), nor three-way interactions for age, 
angular velocity, and angle (P = 0.086; η2 = 0.092), or limb, angle and age (P = 0.389; 
η2 = 0.028). There was however a significant limb, angular velocity and age (P = 
0.026; η2 = 0.122) interaction, with youth players (1.84 ± 0.73) eliciting higher values 
at 270°∙s-1 when compared to the senior players (1.46 ± 0.24; 95%CI: 0.20 to 0.73; P 
= 0.040). The ICC values calculated for the DCRAST data recorded for all participants 
between 70 and 40° ranged between 0.88-0.79. Likewise, the data recorded across 





 Table 7.3  
The influence of angular velocity on knee flexor and extensor AST in senior and youth players. 95% confidence intervals 
are also presented in parentheses. 
Angle (º) 70 60 50 40 






*(6.6 to 22.9) 
112.9 ±11.2 
*(1.1 to 14.5) 
135.5 ± 22.3 
*(4.4 to 33.2) 
~(0.5 to 20.1) 
116.6 ± 18.6 
~(7.3 to 27.5) 
 
145.6 ± 24.0 
*(7.5 to 37.1) 
~(4.3 to 27.1)  
123.4 ± 18.0 
~(8.8 to 31.6) 
148.2 ± 25.0 
*(7.3 to 38.2) 
~(3.4 to 30.4) 









121.1 ± 17.0 
*(4.3 to 27.8) 
 
105.6 ± 16.6 
 




99.2 ± 14.4 
 




103.2 ± 18.4 
 
131.3 ± 31.2 
*(8.4 to 45.2) 
 






108.0 ± 21.7 
*(4.6 to 38.1) 
 
86.7 ± 26.1 
 
103.6 ± 15.0 
*(9.7 to 34.3) 
 
81.6 ± 19.9 
 




73.0 ± 21.2 
 











107.1 ± 19.0 
*(9.5 to 37.0) 
 
83.9 ± 20.4 
 
101.7 ± 13.4 
*(5.5 to 28.1) 
 
84.9 ± 18.5 
 
95.9 ± 15.1 
*(9.4 to 30.5) 
 
76.0 ± 15.1 
 
82.5 ± 16.1 
*(6 to 30.3) 
 





112.8 ± 20.2 
*(1.3 to 27.6) 
98.4 ± 17.3 127.1 ± 17.5 
*(2.5 to 26.7) 
112.5 ± 17.1 
~(6.0 to 26.3) 
139.5 ± 21.4 
*(7.1 to 35.5) 
118.2 ± 22.7 
~(6.6 to 28.9) 
148.2 ± 21.1 
*(6.8 to 35.8) 









111.9 ± 21.0 
*(10.5 to 36.4) 
 
88.4 ± 15.8 
 




96.3 ± 16.0 
 
125.9 ± 27.7 
*(8.8 to 42.1) 
~(2.5 to 24.8) 
 
100.4 ± 19.0 
 
128.4 ± 32.8 
*(6.5 to 45.3) 
~(6.8 to 32.7) 
 






119.7 ± 16.7 
*(5.6 to 29.1) 
 
102.4 ± 17.0 
 
124.4 ± 17.0 
*(5.6 to 31.4) 
 
105.9 ± 19.8 
 
115.0 ± 14.9 
*(8.9 to 34.0) 
 
93.4 ± 20.4 
 
98.7 ± 17.6 
*(9.7 to 36.1) 
 











120.5 ± 15 
*(11.4 to 38.4) 
 
95.6 ± 22.8 
 




96.2 ± 19.8 
 




90.4 ± 19.2 
 
99.4 ± 15.9 
*(10.4 to 35.4) 
 





112.5 ± 17.7 
*(2.7 to 28.7) 
~(3.6 to 18.5) 
96.8 ± 19.4 
~(4.8 to 19.8) 
125.2 ± 19.0 
*(5.0 to 31.3) 
~(4.0 to 18.7) 
107.0 ± 18.7 
~(7.8 to 22.5) 
136.2 ± 20.7 
*(10.1 to 
37.9) 
~(5.6 to 23.1) 
112.5 ± 18.2 
~(7.6 to 24.9) 
143 ± 23.7 
*(15.5 to 50.2) 
~(8.6 to 31.5) 










101.4 ± 18.6 
*(5.3 to 28.5) 
 
84.5 ± 14.3 
 




91.8 ± 14.9 
 
121.9 ± 19.6 
*(8.8 to 42.0) 
 
96.3 ± 16.3 
 
123.7 to 19.6 
*(14.6 to 44.4) 
 






167.5 ± 32.7 
*(2.8 to 44.1) 
 
144.1 ± 26.1 
 
153.1 ± 31.8 
*(8.4 to 49.0) 
 
124.4 ± 26.0 
 
129.0 ± 29.7 
*(4.4 to 38.8) 
 
107.4 ± 18.2 
 
106.0 ± 23.0 
*(2.9 to 30.9) 
 







166.9 ± 23.6 
*(10.2 to 43.6) 
 
139.9 ± 24.3 
 
151.4 ± 23.9 
*(9.5 o 43.5) 
 
124.9 ± 24.8 
 




101.3 ± 22.0 
 
106.0 ± 22.6 
*(8.8 to 38.3) 
 






The purpose of this present study was to assess traditional and angle-specific 
measures of isokinetic strength of eccKF and conKE musculature between elite 
senior and youth female soccer players. Across the tested angular velocities, and in 
both lower limbs, the current data identified that only PT and AST were significantly 
higher in senior players. The lack of a main effect for playing age across all 
parameters suggests that practitioners should be mindful of the metrics used to 
characterise the strength of their players, given the potential implications on training 
prescription. The influence of movement speed is also of practical value, supporting 
the need for practitioners to consider strength assessments at high angular velocities. 
 
The between group differences observed for the PT and AST data is in accordance 
with previous observations (Manson et al. 2014), and these data may be associated 
with increased injury incidence in youth players (LeGall et al. 2008; Hägglund and 
Waldén, 2016). The disproportionate changes in skeletal and muscular development 
(De Ste Croix et al. 2002; Hewett et al. 2004) have implications for increased injury 
risk (Van Der Sluis et al. 2015). Adolescent growth may also coincide with increased 
training and match demands as adolescent players begin to train and play alongside 
their senior peers, and further influence injury risk (Wrigley et al. 2012; Taylor et al. 
2017). Thigh musculature strength is a modifiable risk factor for muscular injuries in 
soccer (Croisier et al. 2008; Lee et al. 2017) and traumatic knee injuries in adolescent 
female athletes (Augustsson and Ageberg, 2017). The current data highlights the 
specific needs of youth players in terms of strength development. Peak strength, and 
the ability to generate force across a range of movement and at high speed, 
represents elements that can be targeted with an appropriate and periodised strength 
training intervention (Barak et al. 2004; Kawamori et al. 2004, 2006; Mcmahon et al. 





speed, could help to explain the observed increase in KF and ACL injuries in youth 
female players when compared to their senior colleagues (LeGall et al. 2008; 
Hägglund and Waldén, 2016). 
 
The consideration of angle-specific measurements of isokinetic strength across 
different testing velocities has been suggested to better consider utility movements 
commonly performed in soccer and aetiology of injury risk (De Ste Croix et al. 2017; 
first experimental chapter of the thesis); however, these have only been previously 
assessed in male soccer players (Cohen et al. 2015; Evangelidis et al. 2015). 
Although male players were able to elicit higher AST values when compared to 
females, these aforementioned studies also identified conKE values being highest at 
~70° and ~35° for eccKF; thereby displaying higher DCRAST with increased knee 
extension. The development of strength at particular knee joint angles may 
consequently be of interest to practitioners for correcting strength discrepancies and 
reducing injury risk. Angle-specific strength incurs the greatest improvements when 
training at the corresponding knee joint angle (Barak et al. 2004; Mcmahon et al. 
2014). Similarly, training at higher velocities improves force production in high-speed 
movements (Kawamori et al. 2004; 2006). The manipulation of joint angle and speed 
is fundamental to the development of strength training interventions, and practitioners 
may require additional isokinetic metrics to optimise exercise prescription. 
 
Across all angular testing velocities and knee angles, the AST data of the thigh 
musculature were significantly higher in the senior players when compared to the 
youth players. The use of AST data is also advocated for the identification of bilateral 
asymmetries. With potential implications for lower limb injury risk, the current study 
identified bilateral differences in the eccKF AST data recorded for the youth players, 





have been associated with increased risk of injury in soccer (Croisier et al. 2008), and 
ACL injuries most commonly occur to the non-dominant limb of youth female soccer 
players (Hägglund and Waldén, 2016). The reduction of non-dominant eccKF AST 
may increase the risk of injury given the importance of knee stability (Chmielewski et 
al. 2005). In order to prevent the development of bilateral asymmetries, youth players 
may benefit by participating in strength and conditioning practices at a younger age 
in order to aid the proportionate development of strength (Myer et al. 2013). This may 
be particularly important in order to ensure that youth players have sufficiently 
developed strength of both lower limbs prior to them being exposed to training and 
match-play alongside their more senior peers (Wrigley et al. 2012; Taylor et al. 2017). 
 
The differences relating to PT generation between the groups is most likely a result 
of increased training exposure (Kellis et al. 2001; Fousekis et al. 2011) and 
competition demands (Taylor et al. 2017) in the senior players. The PT data is also 
used to derive metrics such as the DCR, and thus it might be expected that there 
would be a difference in this metric between the two groups of players. However, this 
was not the case with the current study and the DCR has limited use in comparing 
these between players, supporting recent research which questioned the usefulness 
of ratios in determining injury risk (Dauty et al. 2017; Van Dyk et al. 2017). Further 
isokinetic strength measures such as APT and FR have been reported in male soccer 
players in the thesis, but have previously not been considered in female soccer 
players. The current study did not identify any significant differences between groups 
of players for APT, or for FR. However, significantly higher DCRAST data was recorded 
at 270°∙s-1 for the youth players when compared to the senior players. This finding is 
attributed to the lower conKE strength observed in the youth players, but 
interpretation must be treated with caution as increased ratios are indicative of 





2016). The DCR and DCRAST data should be interpreted with caution, and in 
consideration with other metrics, to avoid potential misinterpretation of a player's 
strength and inappropriately prescribed strength and conditioning practices.  
 
Care should be taken when generalising beyond the specific population and 
experimental paradigm used. In relating the observations to injury management, it 
should be noted that the isokinetic phase did not include a full ROM, with data not 
meeting analysis criterion at full knee extension. When considering the aetiology of 
lower limb injuries in soccer (Boden and Dean, 2000; Chumanov et al. 2012) the use 
of increased knee angular velocities could be advocated; however, due to restrictions 
imposed by the equipment, and the reduced isokinetic phases which are observed at 
additional angular velocities, it was not possible to collect data at increased knee 
angular velocities. The current procedures and analytical approaches advance 




The present study is the first to compare traditional and angle-specific measures of 
isokinetic strength of eccKF and conKE musculature between elite senior and youth 
female soccer players. Youth players exhibited significantly less strength, across all 
speeds, and across a range of knee joint angles. Bilateral strength imbalances were 
also greater in youth players. The use of AST across a range of testing velocities is 
advocated to highlight strength deficiencies, and to better inform strength training 
interventions. Strength ratios can potentially lead to misinterpretation of data, and 
should be used only in conjunction with the PT values used to derive such ratios. 
Isokinetic profiling can differentiate between senior and youth players, but should be 





ligament injuries are also common in female soccer players and further prevalent in 
youths, the knee biomechanics exhibited during the assessment of functional 









The series of studies comprised within Section A of the thesis identified that the 
strength characteristics of the thigh musculature were influenced by knee joint angle 
and velocity in elite cohorts of soccer players. These observations identified that 
angle-specific strength values of conKE decreased with higher knee extension angles 
and velocities. In comparison, angle-specific strength values of eccKF were stable 
across angular velocities, and increased with greater knee extension angles. As such, 
these data did not identify a conKE strength dominance relative to injury status, 
playing age and gender of the soccer player. Although previous literature suggests 
KF and ACL injury risk is associated with conKE strength dominance, these studies 
only considered PT values of the thigh musculature at slow testing velocities. As PT 
is a single point on the torque-angle curve that is commonly determined at low testing 
velocities consequently limits application to injury, and may influence the lack of 
association between isokinetic strength assessments and injury risk. Therefore, the 
defined procedures and metrics in this thesis used to characterise thigh musculature 
strength may better identify strength deficits and imbalances where lower limb injury 
typically occurs, when compared to previous methods.  
 
The procedures and metrics defined in this thesis that determined eccKF and conKE 
strength characteristics were also sensitive to injury status, playing age and gender 
of the soccer player. Specifically, the traditional PT data and their associated DCR 
values, including their angle-specific derivatives, were sensitive to injury status, and 
modifiable through an appropriate training stimulus. The AST strength measures 
across testing velocities for eccKF and conKE strength were also significantly higher 
in senior aged soccer players when compared to youths for both genders. However, 
the traditional PT and DCR metrics were unable to identify significant differences 
between soccer playing ages for males, although youth female's PT were significantly 
lower when compared to their senior counterparts. These observations suggest that 




injured players and those with different weekly training demands. In players with 
increasingly similar weekly training demands, only AST strength values were able to 
determine significant differences in soccer playing age. As such, angle-specific 
measures of thigh musculature strength are advocated to appropriately identify player 
training needs and differences between soccer playing ages. 
 
The methods determined in Section A of the thesis determines thigh musculature 
strength at knee joint angles and velocities that better resemble movement patterns 
associated with injury. Whilst these present procedures are progressive of previous 
literature, the choice of knee joint angles and velocities used to determine measures 
of thigh musculature strength were arbitrarily selected in relation to functional 
movements. Consequently, these present procedures are unable to define strength 
at precise knee joint angles and velocities exhibited during the completion of 
functional tasks. Therefore, further considerations are required to determine thigh 
musculature strength characteristics with enhanced functional relevance with the 
mechanisms associated with lower limb injury and the demands of soccer. Whilst 
angle and velocity specific measures of thigh musculature strength are necessary, 
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Whilst the procedures within Section A of the thesis characterises thigh musculature 
strength with enhanced functional relevance to movements associated with injury, the 
knee joint angles and velocities were arbitrarily selected. Nevertheless, knee joint 
angle and velocity specific measures of thigh musculature strength could be used to 
inform further development of additional methods for quantifying strength relative to 
movements associated with injury that are commonly performed in soccer. Thus the 
aims of Section B of the thesis were to inform further methods of quantifying thigh 
musculature strength. Since injury risk is relative to age and gender of soccer players, 
Section B of the thesis will focus on senior and youth female soccer players who are 
predisposed to an increased injury risk, in particular to traumatic knee injuries. Since 
previous literature (as identified by the review of literature) has revealed that females 
exhibit significantly higher knee valgus and knee extensor moments to that of males 
during the completion of functional tasks, females are suggested to be predisposed 
to knee ligament injuries due to these increases discrepancies. Previous observations 
have also identified that ACL injuries are amongst the most concerning injuries in 
male soccer due to the combined effects of prevalence and severity. Whilst these 
observations have yet to be identified in females, it could be suggested that with the 
increase number of ACL injuries in female soccer players, the needs to reduce the 
risk of injuries in these cohorts are increasingly important. As such, there is also a 
need to determine the knee biomechanics of senior and youth female soccer players 
to determine if these cohorts of players exhibit movement patterns that may influence 
increased ACL injury risk.  
 
As Section A of the thesis identified that strength characteristics of the thigh 
musculature are influenced by knee joint angle and velocity, these factors should be 




between senior and youth female soccer players at knee joint angles and velocities 
that have increased specificity to functional movements, but not specific to those 
exhibited during the completion of these tasks. Consequently, there may be a need 
to quantify thigh musculature strength during movements associated with the 
demands of soccer and mechanisms of lower limb injuries. In order to determine thigh 
musculature strength during functional tasks associated with lower limb injury, 
kinematic analysis should identify knee joint angles and velocities exhibited during 
these movements. In turn, this would indicate whether the thigh musculature are 
sufficiently developed to manage the demands placed upon the knee joint at specific 
phases of movement that may increase potential injury risk. 
 
Section B of the thesis comprises three experimental studies. Study 5 is designed to 
identify the sagittal plane knee joint angles and velocities, relative to female soccer 
playing age that are exhibited during functional tasks in order to help inform the design 
of the following study. An additional aim of this study was to compare the sagittal and 
frontal plane knee joint angles between senior and youth female soccer players during 
the completion of these functional tasks at various phases of movement. Study 6 is 
designed to initially identify if knee joint angles and velocities derived from isokinetic 
dynamometry are statistically significant predictors of thigh musculature strength, 
relative to female soccer playing age. These statistical approaches would enable the 
development of predictive equations for quantifying thigh musculature strength during 
the completion of functional tasks as a function of knee joint angle and velocity. The 
knee joint angles and velocities exhibited during the completion of functional tasks 
would consequently determine the strength value elicited by the thigh musculature. 
Thereafter, using the phases of movement defined in study 5, the predictive equations 
generated will be used to quantify thigh musculature strength using the knee joint 




strength values will be subsequently used to compare between senior and youth 
female soccer players across the defined phases of movement. Study 7 of the thesis 
provided additional analyses on the data collected in the previous study. This final 
study is specifically designed to identify if the moments placed upon the knee joint 
are disproportionate to the strength capacities of the thigh musculature during 
functional tasks, and will also be compared between female soccer playing ages 
across the same defined events. This section comprises of 3 experimental chapters, 





A Kinematic Comparison of the Knee Biomechanics 









Strength has consistently been reported as a risk factor for injury in female athletes. 
As knee joint angle and velocity influence strength characteristics of the eccKF and 
conKE musculature, there appears a need to determine muscular strength at 
functionally relevant angles and angular velocities. Knee joint angles and velocities 
specific to movements associated with injury risk can be determined during 
biomechanical assessments, and may consequently better inform further methods of 
quantifying strength. Although strength has been reported as a risk factor for injury in 
female athletes (Augustsson and Ageberg, 2017), additional modifiable risk factors 
also exist. Biomechanical factors have been associated with the large number of knee 
ligament injuries, such as shallow knee flexion accompanied with knee abduction 
(Hewett et al. 2005; Shimokochi et al. 2009). The aforementioned discrepancies are 
identified to be further exacerbated during, and following adolescent growth as a 
result of rapid bone development of the lower limbs and subsequent increase in body 
mass (Hewett et al. 2004; Hewett et al. 2015). In turn, this creates larger joint torques 
at the knee, and places an increased demand to maintain postural control (Hewett et 
al. 2004).  
 
Although risk of knee ligament injury is most commonly determined during 
biomechanical assessments of vertical drop landing tasks (Hewett et al. 2005; 
Kernozek et al. 2005; Fox et al. 2017), these movements lack association with 
directional changes that are suggested to better determine injury risk (Olsen et al. 
2004; Pappas et al. 2007; Kristianslund and Krosshaug, 2013). These observations 
have consequently led to suggestions that sidestep cutting manoeuvres are more 
appropriate for screening biomechanical markers of knee injury risk, especially when 
considering the enhanced specificity to injury mechanisms (Krosshaug et al. 2016; 




to biomechanically assess directional changes (Brown et al. 2014). However, as knee 
biomechanics are influenced by sidestep and crossover manoeuvres (Besier et al. 
2001; Malinzak et al. 2001; Harrison et al. 2008; Ortiz et al. 2011; Potter et al. 2014), 
these tasks should be considered with cutting angles relevant to the demands of 
soccer (Bloomfield et al. 2007). Further research have also adapted cutting 
manoeuvres by using a hopping approach prior to the directional change, and 
demonstrated significant differences in knee biomechanics between those with and 
without ACL reconstruction (Rudolph et al. 2000; Ortiz et al. 2011). As hopping 
manoeuvres exhibit increasingly similar knee angular velocities (~200°∙s-1) (Wang, 
2011) to those observed during isokinetic strength assessments when compared to 
running (~3.5m/s) (~500°∙s-1) (Ferber et al. 2003), these tasks appear the most 
appropriate for informing future use of isokinetic dynamometry. These considerations 
may inform future screening practices by identifying thigh musculature strength at 
specific knee joint angles and velocities during the completion of functional tasks. 
 
Biomechanical assessments of knee injury risk typically focus analysis during the 
stance phase of functional movements (Hewett et al. 2005; Landry et al. 2007; 
Havens and Sigward, 2015), and in particular, following initial ground contact where 
injury risk has been suggested to further increase (Hewett and Myer, 2011; Norcross 
et al. 2013). Although functional movements encounter phases of eccentric and 
concentric muscular actions (De Villarreal et al. 2010; Komi, 2011), biomechanical 
parameters rarely refer to these loading and propulsive phases of movement. 
Negative and positive knee angular velocities have been suggested to estimate the 
eccentric and concentric phases of movement, respectively (Komi, 2011), and could 
be used to determine the loading and propulsive phases of functional tasks. As the 
thesis has previously described that strength deficits and imbalances may occur at 




musculature's ability to maintain postural control. Risk of knee ligament injury and the 
ability to maintain postural control may also be influenced during deceleration phases 
of movement (Shimokochi and Shultz, 2008; Boden et al. 2010; Podraza and White, 
2010), thus additional discrepancies in sagittal and frontal plane knee joint kinematics 
could be identified. This would also have implications for the propulsive phases of 
movement where the change of direction task occurs, and places a demand of the 
musculature to provide postural control during a period where multiplanar demands 
are highest (Quatman, Quatman-Yates and Hewett, 2010). The inclusion of loading 
and propulsive phases may identify the specific time points of biomechanical 
discrepancies relative to age, limb and manoeuvre. The purposes of this study were 
twofold: (a) to assess and compare the knee joint angles during sidestep and 
crossover hopping manoeuvres between senior and youth female soccer players, 
specific to lower limb, (b) to identify the knee angular velocities exhibited during 




The participants were recruited from the same club with the senior females competing 
in the Women's Super League 1, the highest standard in female soccer in England. 
To control for previous injury, all players were free from lower limb injury for >6 months 
prior to data collection. In addition to weekly matches, player training volume was 
~10hr∙week-1 and ~ 5hr∙week-1 for senior and youth female players, respectively. Prior 
to each experimental condition, all participants were required to complete a health 
screening procedure comprising a health, physical activity, and pre-exercise control 
questionnaire, and the measurement of resting heart rate and blood pressure. Resting 
heart rate >90 beats∙min-1 and blood pressure >140 mmHg/90 mmHg, respectively, 




associated with this study before providing written consent. Parent/guardian assent 
was also obtained for the youth players aged below 18 years. The current study was 
also approved by a local university ethics committee, at the researcher's host 
university. Prior to the start of each trial, all equipment was risk assessed and 
calibrated in accordance to the manufacturer's guidelines. 
 
Statistical Analysis 
To establish whether statistically significant differences existed between the senior 
and youth playing ages, a repeated measures GLM was performed. The assumptions 
associated with a repeated measures GLM were assessed to ensure model 
adequacy. To assess residual normality for each dependant variable, q-q plots were 
generated using stacked standardised residuals. Scatterplots of the stacked 
unstandardised and standardised residuals were also utilised to assess the error of 
variance associated with the residuals. Mauchly's test of sphericity was also 
completed for all dependent variables, with a Greenhouse Geisser correction applied 
if the test was significant. Where significant main effects or interactions were 
observed, post hoc pairwise comparisons with a Bonferonni correction factor were 
applied with 95% CI for differences were also reported. Partial eta squared (η2) values 
were calculated to estimate effect sizes for all significant main effects and 
interactions. Partial eta squared was classified as small (0.01 to 0.059), moderate 
(0.06 to 0.137) and large (>0.138) (Cohen, 1988). All statistical analysis was 
completed using PASW Statistics Editor 22.0 for windows (SPSS Inc, Chicago, USA). 






Peak Knee Flexion Angle 
For all dependent variables associated with the current study, ICC's were calculated 
between 0.73 and 0.85. As identified in Figure 8.1, the GLM identified a significant 
three-way interaction for age, limb, and manoeuvre (P = 0.038; η2 = 0.128). 
Significantly higher knee flexion angles were identified in the sidestep trial for the 
youth female’s dominant limb (53.89 ± 6.94º) when compared to the senior players 
(47.75 ± 5.56º; 95% CI: 1.79 to 10.54º; P = 0.030). The youth females also 
demonstrated significantly higher peak knee flexion angles for the non-dominant limb 
(49.65 ± 5.40º) during sidestep trials when compared to senior females (45.65 ± 3.19º; 
95% CI: 0.89 to 7.09°; P = 0.030).  
 
Initial Contact 
The GLM identified no significant interactions for age, limb, and manoeuvre (P = 
0.145; η2 = 0.065), age and manoeuvre (P = 0.501; η2 = 0.014), or age and limb (P = 
0.657; η2 = 0.006). There was also no significant main effect for limb (P = 0.908; η2 < 
0.001); however, there was a significant main effect for manoeuvre (P = 0.042; η2 = 
0.123), with higher knee flexion angles in sidestep manoeuvre (47.36 ± 6.82°) when 
compared to crossover trial (41.90 ± 16.28°; 95% CI: 45.25 to 49.48°). 
 
Loading Phase 
The GLM identified no significant interactions for age, limb, and manoeuvre (P = 
0.335; η2 = 0.029), nor age and manoeuvre (P = 0.692; η2 = 0.005). However, a 
significant two-way interaction for age and limb (P = 0.044; η2 = 0.120) was identified, 




dominant limb (26.86 ± 6.42°) when compared to senior females (20.99 ± 7.66°; 95% 
CI: 1.67 to 10.42°; P = 0.008).  
 
Propulsive Phase 
The GLM identified no significant interactions for age, limb, and manoeuvre (P = 
0.073; η2 = 0.097), age and manoeuvre (P = 0.972; η2 < 0.001), nor age and limb (P 
= 0.650; η2 = 0.007). A significant main effect for limb (P = 0.002; η2 = 0.271) was 
however identified, with higher knee flexion angles in the non-dominant limb (30.64 ± 
10.53°) when compared to the dominant limb (27.46 ± 9.48°; 95% CI: 1.30 to 5.05°). 
A significant main effect for manoeuvre (P = 0.047; η2 = 0.117) was also identified, 
with higher knee flexion angles recorded in the sidestep trial (30.79 ± 7.93°) when 
compared to crossover trial (27.32 ± 12.08°; 95% CI: 0.42 to 6.88°).  
 
 
Figure 8.1 illustrates knee flexion angle during the stance phase of hopping manoeuvres for 
senior (black) and youth (grey) players. A: dominant sidestep; B: non-dominant sidestep; C: 
dominant crossover; D: non-dominant crossover. 
 




As identified by Figure 8.2, the GLM identified no significant interactions for age, limb, 
and manoeuvre (P = 0.906; η2 < 0.001), age and manoeuvre (P = 0.370; η2 = 0.025), 
nor age and limb (P = 0.241; η2 = 0.043). A significant main effect for limb (P = 0.003; 
η2 = 0.244) was however identified, with higher peak knee abduction angles in the 
dominant limb (-3.66° ± 3.26°) when compared to the non-dominant limb (-1.98 ± 
2.33°; 95% CI: -2.73 to -6.10°). A significant main effect for the manoeuvre (P < 0.001; 
η2 = 0.646) was also identified, with higher peak knee abduction angles recorded 
during the sidestep trial (-3.70 ± 2.81°) when compared to crossover trial (-1.94 ± 
2.77°; 95% CI: -1.29 to -2.22°). 
 
Initial Contact 
The GLM identified no significant interactions for age, limb, and manoeuvre (P = 
0.947; η2 < 0.001), age and manoeuvre (P = 0192; η2 = 0.053), nor age and limb (P = 
0.344; η2 = 0.028). A significant main effect for limb (P < 0.001; η2 = 0.440) was 
however identified, with higher knee abduction angles recorded for the dominant limb 
(-3.02 ± 4.04°) when compared to the non-dominant limb (-0.41° ± 4.23°; 95% CI: -
0.92 to -1.76). A significant main effect for manoeuvre (P = 0.047; η2 = 0.118) was 
also identified, with higher knee abduction angles in sidestep trials (-0.87 ± 4.11°) 
when compared to crossover trials (1.74 ± 4.17°; 95% CI: -0.12 to -1.74°). 
 
Loading Phase 
The GLM identified no significant interactions for age, limb, and manoeuvre (P = 
0.510; η2 = 0.014) and for age and limb (P = 0.279; η2 = 0.037). However, a significant 
two-way interaction for age and manoeuvre (P = 0.025; η2 = 0.148) was identified, 




sidestep manoeuvre when compared to youth females (1.04 ± 3.12°; 95% CI: -0.56 
to -1.82°; P = 0.048).  
 
Propulsive Phase 
No significant interactions for age, limb, and manoeuvre (P = 0.307; η2 = 0.033), age 
and manoeuvre (P = 0.295; η2 = 0.034), nor age and limb (P = 0.122; η2 = 0.073) were 
identified. A significant main effect for limb (P = 0.001; η2 = 0.310) identified higher 
knee abduction angles in the dominant limb (-1.03 ± 3.45°) when compared to the 
non-dominant limb (1.08 ± 3.22°; 95% CI: 0.95 to 3.16°). A significant main effect for 
manoeuvre (P < 0.001; η2 = 0.342) also identified higher knee abduction angles in 
sidestep trials (-0.67 ± 3.44°) when compared to crossover trials (0.65 ± 3.12°; 95% 
CI: -0.39 to -1.76°).  
 
 
Figure 8.2 illustrates knee abduction angles during the stance phase of hopping manoeuvres 
for senior (black) and youth (grey) players. A: dominant sidestep; B: non-dominant sidestep; 





Knee Angular Velocity 
Initial Contact 
As identified by Figure 8.3, no significant interactions for age, limb and manoeuvre (P 
= 0.131; η2 = 0.070), nor two-way interaction for age and manoeuvre (P = 0.265; η2 = 
0.039) were identified. However, a significant two-way interaction for age and limb (P 
= 0.003; η2 = 0.239) was identified. Post-hoc analysis revealed senior females non-
dominant limb’s knee angular velocity was significantly higher (-179.75 ± 104.93°∙s-1) 
when compared to youth females (-108.25 ± 70.16°∙s-1; 95%CI: -16.39 to 126.06°∙s-
1; P = 0.013).  
 
Loading Phase 
No significant interactions for age, limb and manoeuvre (P = 0.196; η2 = 0.052), nor 
two-way interactions for age and manoeuvre (P = 0.824; η2 = 0.002), age and limb (P 
= 0.918; η2 < 0.001) were identified. There were also no significant main effects for 
limb (P = 0.693; η2 = 0.005) and manoeuvre (P = 0.305; η2 = 0.033).  
 
Propulsive Phase 
No significant interactions for age, limb and manoeuvre (P = 0.144; η2 = 0.065), nor 
two-way interactions for age and manoeuvre (P = 0.055; η2 = 0.110), age and limb (P 
= 0.219; η2 = 0.047) were identified. There were also no significant main effects for 






Figure 8.3 illustrates knee angular velocities during the stance phase of hopping manoeuvres 
for senior (black) and youth (grey) players. A: dominant sidestep; B: non-dominant sidestep; 
C: dominant crossover; D: non-dominant crossover. 
 
8.4 Discussion 
The present study compared the sagittal and frontal plane knee kinematics between 
senior and youth female soccer players during hopping manoeuvres, relative to lower 
limb. The hopping manoeuvres were also used to identify the knee angular velocities 
exhibited during these tasks to inform further screening practices. The current data 
identified that youth female soccer players exhibited significantly higher peak knee 
flexion angles in the dominant and non-dominant limbs during sidestep manoeuvres 
when compared to their senior counterparts. During the loading phase of hopping 
manoeuvres, and irrespective of cutting manoeuvre, the youth female soccer players 
also demonstrated significantly higher knee flexion angles in their dominant limb when 
compared to the senior participants. It was also identified during the loading phase of 
sidestep hopping manoeuvres that senior females demonstrated significantly higher 
knee abduction angles when compared to the youth participants. However, previous 




to an increased risk of knee ligament injury when compared to senior aged players 
(Renstrom et al. 2008; Hägglund and Waldén, 2015). These aforementioned 
observations were postulated to increased discrepancies in sagittal and frontal plane 
knee biomechanics in youth females (Hewett et al. 2004, 2015). This study also 
identified that the knee angular velocities exhibited during hopping manoeuvres are 
similar to those observed during isokinetic dynamometry, and may be used to inform 
future considerations in assessing thigh musculature strength. 
 
Since this is the first study to compare sagittal and frontal plane knee biomechanics 
during hopping manoeuvres across female soccer playing ages, comparisons to 
previous studies are not possible. The present study identified that senior females 
demonstrated significantly higher knee abduction angles during the loading phase of 
sidestep hopping manoeuvres when compared to youths. Despite these significant 
differences, the mean knee abduction angles during the loading phase of sidestep 
hopping manoeuvres were -0.88° and 1.04° for senior and youth females, 
respectively. The knee abduction angles identified in the present study were however 
lower than values previously reported in injured participants during vertical drop 
landings (~9º) (Hewett et al. 2005). The different knee abduction angles exhibited 
between the present study and Hewett et al. (2005) would likely be influenced by the 
different movement tasks and participants used in the respective studies. Moreover, 
the cohorts of players used in this present study were previously exposed to 
neuromuscular training, thereby correcting discrepancies in sagittal and frontal plane 
knee biomechanics (Sugimotio et al. 2012, 2016) and reducing risk of knee ligament 
injury (Mandelbaum et al. 2005; Gilchrist et al. 2008). T 
 
Irrespective of playing age, literature typically identifies a higher knee ligament injury 




soccer players (Brophy et al. 2010; Waldén et al. 2016). The present study identified 
significantly higher peak knee abduction angles for the dominant limb when compared 
to the non-dominant side, irrespective of playing age and cutting manoeuvre. No 
significant differences were identified between lower limbs for knee abduction angles 
following initial ground contact where risk of knee ligament injuries is increased 
(Hewett and Myer, 2011; Norcross et al. 2013). Similar findings for knee abduction 
angles also identified no significant differences between lower limbs at the loading 
and propulsive phases of hopping manoeuvres. Although not assessed in the present 
study, these data appear to suggest that the non-dominant lower limb is not 
predisposed to an increased risk of knee ligament injury. Nevertheless, these data 
advocate determining sagittal and frontal plane knee kinematics across a variety of 
events where the requirements to maintain postural control are highest in order to 
better identify potential injury risk (Quatman, Quatman-Yates and Hewett, 2010; 
Hewett and Myer, 2011; Benche et al. 2012; Norcross et al. 2013). 
 
Previous studies that compared between sidestep and crossover cutting manoeuvres 
(Besier et al. 2001; Malinzak et al. 2001; Potter et al. 2014) identified sagittal and 
frontal plane biomechanics are influenced by these different directional changes. In 
accordance with previous observations (Besier et al. 2001; Potter et al. 2014), the 
present study identified significantly higher knee flexion and abduction angles for 
sidestep manoeuvres when compared to crossover tasks. The observed differences 
between these two cutting tasks are likely accounted by the different demands of 
these directional changes. Specifically, sidestep cuts require the planted lower limb 
to accelerate opposite to the intended directional change (Cochrane et al. 2001). In 
contrast, crossover tasks require the planted lower limb to accelerate in the same 
direction of the intended directional change (Cochrane et al. 2001). These 
observations have consequently led to suggestions that sidestep cutting tasks may 




the evidence to suggest that injury risk is highest during sidestep tasks when 
compared to crossover movements is limited. As such, biomechanical assessments 
of change of direction tasks should still utilise sidestep and crossover movements in 
order to appropriately determine biomechanical metrics of the knee joint associated 
with injury risk.  
 
 
The present study also identified that the hopping manoeuvres exhibited angular 
velocities similar to those observed during isokinetic strength assessments of the 
thigh musculature, and supported by previous observations (Wang, 2011). Although 
hopping manoeuvres are suggested to be multiplanar demanding tasks (Rudolph et 
al. 2000; Ortiz et al. 2011), these movements elicited largely neutral knee joint angles 
in the frontal plane, thus appears an appropriate task to inform strength assessments 
conducted in the sagittal plane. Although recent literature (Cohen at al. 2015; El-
Ashker et al. 2015; Evangelidis et al. 2015; De Ste Croix et al. 2017) and Section A 
of the thesis suggests that knee joint angles and velocities should be considered 
when characterising muscular strength, these arbitrary metrics are unable to 
determine thigh musculature strength at precise angular velocities and angles 
exhibited during functional tasks. As such, the knee joint angles and velocities 
exhibited during hopping manoeuvres may be an appropriate task to determine thigh 
musculature strength in movements associated with injury, and enable subsequent 
comparison between female soccer playing age. 
 
As it has been suggested that ACL injury risk is highest during and following 0.1 
seconds following ground contact of functional tasks, the sampling frequency of 
120Hz used in this study provides only 5 frames of footage to analyse during this 




limitation, thus further research using higher sampling frequencies may be required 
in these populations to more appropriately identify injury risk. In light of this, the 
hopping tasks utilised does not exhibit the ballistic knee joint angular velocities and 
accelerations to that of cutting manoeuvres, and may be appropriate for determining 
group differences in knee joint biomechanics. In further support, previous studies that 
have also utilised hopping tasks have identified biomechanical differences of the knee 
joint in those who possess varying levels of injury risk (Orishimo et al. 2010; Ortiz et 
al. 2011), but may not be appropriate for identifying injury risk when ground contact 
time is limited.  
 
8.5 Conclusion 
The present study identified significant differences in sagittal and frontal plane knee 
kinematics between senior and youth female soccer players during sidestep and 
crossover hopping manoeuvres. Although not directly assessed in this study, these 
differences are not indicative of an increased injury risk in either cohorts of soccer 
players. The sagittal and frontal plane knee kinematics were also influenced by cutting 
manoeuvre, where larger knee abduction angles were identified during sidestep 
cutting manoeuvres. These data therefore have implications for choice of 
biomechanical screening tests. In addition, the specific events during hopping 
manoeuvres should be considered to appropriately determine knee biomechanics 
during periods that may have potential implications for knee ligament injury risk 
screening. Moreover, the knee angular velocities exhibited during hopping 
manoeuvres were similar to isokinetic strength assessments, and may inform future 
screening methods. For instance, the thesis previously identified significant strength 
differences between senior and youth female soccer players, thus these 
discrepancies may also be observed during functional tasks associated with injury. 




Section A of the thesis, these parameters may be used to identify thigh musculature 





Prediction of Thigh Musculature Strength during Hopping 






The previous experimental chapter identified limited differences in sagittal and frontal 
knee kinematics between female soccer playing ages during sidestep and crossover 
hopping manoeuvres. Nevertheless, youth female soccer players were identified to 
possess a reduced strength capacity of the thigh musculature at a variety of knee 
joint angles and velocities in section A. However, biomechanical assessments of 
functional movements may better inform isokinetic dynamometry in order to use these 
measurement tools with enhanced synchrony, and identify strength differences 
between female soccer playing ages at specific phases of hopping manoeuvres. The 
first part of this present study has therefore been designed to predict thigh 
musculature strength based on knee joint angles and velocities exhibited during 
hopping tasks between playing age, limb and manoeuvre in female soccer players. 
 
As previously discussed throughout the thesis, muscular strength is a modifiable risk 
factor for thigh musculature and knee ligament injuries (Askling et al. 2003; Arnason 
et al. 2007; Croisier et al. 2008; LeGall et al. 2008; Hartmut et al. 2010; Augustsson 
and Ageberg, 2017). The thesis has consistently identified that practices associated 
with isokinetic strength assessments do not commonly determine strength values at 
specific joint angles and velocities. Although knee joint angle and velocity have clear 
influences on force production (Cohen at al. 2015; El-Ashker et al. 2015; Evangelidis 
et al. 2015; De Ste Croix et al. 2017), no study has ascertained whether these metrics 
are significant predictors of thigh musculature strength. Whilst previous studies have 
identified that anthropometric data are significant predictors of thigh musculature PT 
(Gross and McGrain, 1989; Kellis et al. 2000), the ability of knee joint angles and 
velocities to predict thigh musculature strength has yet to be determined. In turn, knee 
joint angles and velocities exhibited during functional tasks may be used to predict 




(Boden and Dean, 2000; Olsen et al. 2004; Chumanov et al. 2012; Higashihara et al. 
2015). 
 
Relative to playing age of the female soccer player, knee joint angles and velocities 
exhibited during hopping tasks appear appropriate to determine KF and KE strength 
during specific phases of movement. In support, the previous experimental chapter 
identified mean knee flexion angles and velocities exhibited during hopping tasks of 
15 to 55° and -400 to 300°·s-1, respectively. As such, knee joint angles and velocities 
may be able to predict thigh musculature strength during hopping tasks as these 
metrics are alike to those observed during isokinetic dynamometry. Moreover, these 
considerations may identify significant differences in predicted thigh musculature 
strength between senior and youth female soccer players. As youth female soccer 
players were identified to possess significantly lower thigh musculature strength 
values when compared to senior aged players (Section A of the thesis), these 
discrepancies may also be identified during functional tasks associated with lower 
limb injuries (Boden and Dean, 2000; Olsen et al. 2004; Chumanov et al. 2012; 
Higashihara et al. 2015). In turn, these screening methods may better identify strength 
discrepancies that may be associated with a higher number of ACL injuries in female 
soccer player's non-dominant limb (Brophy et al. 2010; Hägglund and Waldén, 2016) 
and for youth players who are predisposed to an increase injury risk (LeGall et al. 
2008; Renstrom et al. 2008; Hartmut et al. 2010; Waldén et al. 2016).  
 
The aims of the first part of this study were threefold: (a) to identify if eccKF and 
conKE could be predicted during the completion of sidestep and crossover hopping 
manoeuvres, (b) to identify if predicted eccKF and conKE would identify significant 
differences between female soccer players and lower limb, (c) to compare predicted 
eccKF and conKE between sidestep and crossover hopping manoeuvres relative to 






Participants identified in the previous experimental chapter were selected for this 
present study.  
 
Testing Procedures 
The testing procedures comprised the completion of the procedures previously 
described in the general methods section.  
 
Data Analysis 
The isokinetic strength data was initially analysed in accordance with the procedures 
previously described across a range of knee joint angles and velocities in senior and 
youth female soccer players. In turn, this determined bilateral isokinetic strength data 
of the eccKF and conKE at 60, 180 and 270°∙s-1 between an angular range of 70-40º 
of knee flexion. These data were subsequently used within the multiple linear 
regressions to ascertain if knee joint angles and velocities derived from isokinetic 
strength assessments were significant predictors of thigh musculature strength. If the 
percentage of variance for knee joint angles and velocities were sufficient, this model 
would be used to predict thigh musculature strength during hopping manoeuvres. The 
knee joint angles and velocities exhibited during the completion of hopping 
manoeuvres at specific phases of movement would subsequently be used to predict 
thigh musculature strength. The knee joint angles and velocities exhibited during 






For the development of the prediction algorithms, multiple linear regressions were 
used to predict eccKF and conKE strength values, relative to female soccer playing 
age, at specific knee joint angles and velocities exhibited during particular phases of 
hopping manoeuvres. Multiple linear regressions were selected on the basis that 
increased knee joint extension angles coincide with higher and lower eccKF and 
conKE strength values, respectively. As conKE muscular strength values were also 
identified to linearly reduce with increased testing velocity in Section A of the thesis, 
angular velocity was included into the multiple linear regressions. Knee joint angles 
and angular velocities derived from isokinetic strength assessments therefore served 
as the independent variables to ascertain whether these parameters could suitably 
account for the variation in muscular strength. Subsequently, these parameters were 
used to predict muscular strength during hopping tasks, using the unstandardised 
coefficients calculated for the constants, knee joint angles and velocities derived from 
the multiple linear regressions. Predicted strength of eccKF and conKE across all 
defined events were then compared to ascertain the effects of age, limb, and 
manoeuvre. All the assumptions associated with multiple linear regression were 
achieved during the development of the prediction algorithms. Pearson's correlation 
identified a linear relationship between the independent and dependent variables with 
addition to visual inspections of scatterplots confirming linearity. Homoscedasticity 
was identified by visual inspections of plots of standardised residuals versus 
standardized predicted values, where the residuals achieved normality.  
 
Thereafter, to establish whether statistically significant differences existed between 
the senior and youth playing ages, the data was analysed using a repeated measures 
GLM. The assumptions associated with a repeated measures GLM were assessed 
to ensure model adequacy. To assess residual normality for each dependant variable, 




stacked unstandardised and standardised residuals were also utilised to assess the 
error of variance associated with the residuals. Mauchly's test of sphericity was also 
completed for all dependent variables, with a Greenhouse Geisser correction applied 
if the test was significant. Where significant main effects or interactions were 
observed, post hoc pairwise comparisons with a Bonferonni correction factor were 
applied with 95% CI for differences were also reported. Partial eta squared (η2) values 
were calculated to estimate effect sizes for all significant main effects and 
interactions. Partial eta squared was classified as small (0.01 to 0.059), moderate 
(0.06 to 0.137) and large (>0.138) (Cohen, 1988). All statistical analysis was 
completed using PASW Statistics Editor 22.0 for windows (SPSS Inc, Chicago, USA). 
Statistical significance was set at P ≤ 0.05.  
 
9.3 Results 
Multiple Linear Regressions 
The algorithms generated by the multiple linear regressions for the senior female 
(eccKF = 153.42 – [-0.05*angular velocity]-[-0.70*angle]) (conKE = 80.65 – [-
1.90*angular velocity]-[1.18*angle]) and youth female (eccKF = 126.25 – [-
0.06*angular velocity]-[-0.50*angle]) (conKE = 80.65 – [-1.80*angular velocity]-
[1.23*angle]) soccer players were significant predictors of eccKF and conKE strength 
during isokinetic dynamometry (R2 ≥ 0.88-0.93; P ≤ 0.001), as identified in Table 9.1. 
This enabled the prediction of eccKF and conKE strength during the completion of 
sidestep and crossover hopping manoeuvres relative to female soccer playing age. 
The unstandardised coefficients were subsequently used to predict muscular strength 
with the knee joint angles and velocities exhibited during hopping manoeuvres. The 





Predicted muscular strength =  β Constant − (β angular velocity × angular velocity) −





Multiple Regressions Coefficients 
 Senior Female Youth Female 
EccKF   
R2 and P Value R2 = 0.93; P < 0.001 R2 = 0.88; P < 0.001 
β Constant 153.42 ± 4.47 126.25 ± 5.21 
β Angular Velocity 0.05 ± 0.01 0.06 ± 0.1 
β Angle -0.70 ± 0.07 -0.50 ± 0.09 
ConKE   
R2 and P Value R2 = 0.89; P < 0.001 R2 = 0.89; P < 0.001 
β Constant 80.65 ± 13.30 60.11 ± 12.87 
β Angular Velocity -1.90 ± 0.02 -1.80 ± 0.03 
β Angle 1.18 ± 0.22 1.23 ± 0.21 
Table 9.1 demonstrates that knee joint angle and velocity are statistically significant predictors 
for eccKF and conKE for senior and youth female soccer players. The unstandardised 
coefficients (β) are presented with standard error (±).  
 
 
Predicted Peak Strength 
For eccKF, the GLM identified no significant interactions for age, limb and manoeuvre 
(P = 0.531; η2 = 0.012), age and manoeuvre (P = 0.069; η2 = 0.099), nor age and limb 
(P = 0.911; η2 < 0.001), as identified by Table 9.2. There were also no significant main 
effects for manoeuvre of cutting manoeuvres (P = 0.504; η2 = 0.012) and limb (P = 
0.222; η2 = 0.004).  
 
Predicted Strength at Initial Contact 
The GLM identified a significant interaction for age, limb and manoeuvre (P < 0.001; 
η2 = 0.439) for eccKF between seniors and youths (Table 9.2). Post-hoc analysis 
revealed that the senior female’s eccKF dominant limb values were significantly 
higher when compared to youths during sidestep manoeuvres. Additionally, the 
senior females’ eccKF values were significantly higher for dominant and non-





 Table 8.2 Predicted Isokinetic Torques During Sidestep and Crossover 
Manoeuvres. 95% CI for Differences are Reported for all Significant Differences. 
 Senior Youth Senior Youth 
Event Dominant Non-dominant Dominant Non-dominant Dominant Non-dominant Dominant Non-dominant 
 Sidestep Manoeuvre Crossover Manoeuvre 
Peak  
Value 
    
eccKF (Nm) 
 
159.1 ± 11.1 158.4 ± 11.5 139.6 ± 8.8 137.9 ± 14.4 158.2 ± 9.7 154.91 ± 9.3 140.7 ± 7.9 146.9 ± 14.2 
Angle (º) 18 ± 6 20 ± 5 27 ± 6 25 ± 7 17 ± 4 17 ± 7 25 ± 6 23 ± 5 
 
Velocity 
(°∙s-1) -306 ± 165 -329 ± 181 -419 ± 149 -375 ± 225 -278 ± 146 -222 ± 142 -413 ± 109 -376 ± 213 
Initial  
Contact 
        
eccKF (Nm) 127.6 ± 10.5 
95%CI: 
10.9 to 23.6* 
119.9 ± 7.6 110.3 ± 7.2 106.9 ± 5.3 129.0 ± 8.3 
95%CI: 
13.3 to 23.9* 
133.6 ± 10.7 
95%CI: 
16.0 to 28.7* 
110.4 ± 6.6 111.4 ± 6.4 
 
Angle (º) 46 ± 7 43 ± 6 50 ± 6 51 ± 7 43 ± 4 43 ± 9 47 ± 6 47 ± 6 
 
Velocity 
(°∙s-1) -106 ± 144 -181 ± 98 -137 ± 102 -81 ± 65 -94 ± 118 -178 ± 112 -119 ± 99 -135 ± 75 
Loading 
Phase 
        
eccKF (Nm) 156.7 ± 9.6 157.7 ± 11.0 138.9 ± 8.7 136.8 ± 16.1 153.5 ± 9.7 151.3 ± 8.6 138.1 ± 14.0 133.0 ± 15.6 
 95%CI: 
12.0 to 26.6* 
   95%CI: 
6.9 to 23.8* 
   
 
Angle (º) 47 ± 7 22 ± 4 30 ± 6 29 ± 8 19 ± 4 43 ± 9 26 ± 6 26 ± 6 
 
Velocity 
(°∙s-1) -361 ± 167 -342 ± 188 -429 ± 147 -383 ± 240 -294 ± 141 -283 ± 171 -420 ± 107 -385 ± 219 
Propulsive  
Phase 
        

















* symbol denotes a significant difference between playing age. 
** symbol denotes significant difference between cutting manoeuvre, irrespective of age. 
~ symbol denotes a significant difference between lower limbs. 
95%CI: 
20.0 to 33.5* 
95%CI: 
12.9 to 19.9** 
18.7 to 25.6~ 
95%CI: 
12.67 to 25.6* 
95%CI: 




60.4 ± 34.1 
 
54.5 ± 28.0 
 
46.8 ± 19.0 
 
57.2 ± 26.7 
 
63.7 ± 33.2 
95%CI: 
21.8 to 16.5* 
 
67.1 ± 33.7 
95%CI: 
2.0 to 43.8* 
 
41.0 ± 20.1 
 
44.2 ± 25.4 
 
Angle (º) 26 ± 8 27 ± 6 33 ± 6  35 ± 6 22 ± 5 29 ± 10 29 ± 6 30 ± 6 
 
Velocity 




Predicted Strength at Loading Phase 
The GLM identified no significant interactions for age, limb and manoeuvre (P = 0.388; 
η2 = 0.023); however a significant age and manoeuvre (P = 0.043; η2 = 0.122) 
interaction was identified during both sidestep and crossover manoeuvres. Post-hoc 
analysis revealed that the senior females eccKF were significantly higher when 
compared to youth players (Table 9.2). 
 
Predicted Strength at Propulsive Phase 
The GLM identified a significant interaction for age, limb, manoeuvre and contraction 
type (P = 0.001; η2 = 0.308) (Table 9.2). The senior females non-dominant eccKF 
during sidestep manoeuvres were significantly higher when compared to youth 
players. Additionally, both dominant and non-dominant limbs for eccKF and conKE 
were significantly higher in senior females when compared to youth players for 
crossover manoeuvres. It was also identified that youth females exhibited significantly 
higher eccKF values for the dominant limb during sidestep manoeuvres when 
compared to crossover manoeuvres. Moreover, youth females also exhibited 
significantly higher eccKF in the dominant limb when compared to the non-dominant 
limb during sidestep cutting manoeuvres. 
 
9.4 Discussion 
The purpose of this study was to develop predictive regression equations expressing 
strength as a function of knee joint angle and velocity in female soccer players. These 
models were subsequently used to quantify thigh musculature strength at knee joint 
angles and velocities related to key events of functionally challenging tasks across 
female soccer playing ages. It was identified that knee joint angles and velocities were 
significant predictors for eccKF and conKE strength specific to senior and youth 




significant differences in predicted peak muscular strength of the eccKF and conKE 
during sidestep and crossover hopping manoeuvres between playing ages. However, 
when considering the initial ground contact, loading and propulsive phases of the 
hopping manoeuvres, senior females were able to elicit significantly higher thigh 
musculature strength values when compared to youths. It was also identified that 
youth female soccer players exhibited significantly higher eccKF values for the 
dominant limb when compared to the non-dominant side during the propulsive phase 
of sidestep hopping manoeuvres. The present data indicates youth female soccer 
players possess a reduced strength capacity of the thigh musculature when 
compared to senior aged players during hopping manoeuvres, and may predispose 
these players to an increased injury risk (Renstrom et al. 2008; Podraza and White, 
2010; Waldén et al. 2016).  
 
 
Since this is the first study to predict muscular strength during the completion of 
functional tasks, comparisons to previous literature are not possible. Nevertheless, 
these present findings are largely in agreement with study 4 of the thesis, which 
identified senior female soccer players to possess significantly higher thigh 
musculature strength values when compared to youth females. However, the present 
study was able to identify significant strength differences between female soccer 
playing ages during particular phases of hopping tasks, irrespective of sidestep and 
crossover manoeuvres. Specifically, it was identified that senior female soccer 
players exhibited significantly higher strength values when compared to youth players 
at 0.1 seconds following initial ground contact, and during the loading and propulsive 
phase of hopping manoeuvres. However, the present study also identified that peak 
predicted eccKF strength during the hopping manoeuvres were not significantly 
different between senior and youth female soccer players. As such, these data are in 




between soccer playing ages. These events should be considered when screening 
for potential injury risk as it is suggested that thigh musculature and knee ligament 
injury risk is increased following initial ground contact of functional movements 
(Krosshaug et al. 2006; Hewett et al. 2009). Additional literature also suggests that 
the deceleration phase of functional movements also increases injury risk due to the 
requirement of the musculature to eccentrically contract and provide postural support 
(Shimokochi and Shultz, 2008; Boden et al. 2010; Podraza and White, 2010). 
However, hopping manoeuvres also places increased multiplanar demands upon the 
knee joint that are also associated with injury risk (Olsen et al. 2004; Pappas et al. 
2007; Ortiz et al. 2011). As the change of direction component of hopping 
manoeuvres typically occur during the propulsive phase of movement (Quatman, 
Quatman-Yates and Hewett, 2010), sagittal and frontal plane knee biomechanics 
should also be used to determine the lower limb's ability to maintain postural control 
during this period.  
 
 
The current data identified that senior female soccer players possess significantly 
higher eccKF strength when compared to youth players during sidestep and 
crossover hopping manoeuvres. These data could suggest that impaired eccKF 
strength during hopping manoeuvres for youth female soccer players may influence 
increased injury risk in this cohort of players (LeGall et al. 2008; Renstrom et al. 2008; 
Hartmut et al. 2010; Waldén et al. 2016). This is further supported by previous 
observations that identified thigh musculature strength deficits are associated with 
knee ligament injuries in youth females (Augustsson and Ageberg, 2017). The 
present study findings are also further supported by Manson et al. (2014) and study 
4 of the thesis that identified significantly higher thigh musculature strength values in 
senior female soccer players when compared to youths. Furthermore, the youth 




compared to the dominant side during the propulsive phase of sidestep hopping 
tasks. This may also be an additional factor that may influence the higher number of 
knee ligament injuries in the non-dominant limb of youth female soccer players 
(Negrete et al. 2007; Brophy et al. 2010; Hägglund and Waldén, 2016). When 
considering that sufficiently developed muscular strength is likely to reduce injury risk 
(Croisier et al. 2008; Augustsson and Ageberg, 2017; Lee et al. 2017), the lower 
strength values in youth female soccer players, in particular to the non-dominant limb, 
may influence the high injury incidence reported in this cohort of players. These 
findings may have particular implications for youth female soccer players who begin 
to compete against more senior and physically developed players that may place 
additional injury risk (Söderman et al. 2001; Van Der Sluis et al. 2015). 
 
 
An additional aim of this study was to compare predicted muscular strength across 
sidestep and crossover hopping manoeuvres. The predicted strength values 
observed between sidestep and crossover tasks identified similar muscular strength 
requirements and demands for the thigh musculature. However, a significant 
difference did identify that youth female soccer player's eccKF values were higher 
during the concentric phase of sidestep manoeuvres when compared to crossover 
manoeuvres. These data suggest that the KF may have a reduced capacity to 
stabilise the knee joint during the change of direction phase of movements that place 
large multiplanar demands upon the knee joint (Quatman, Quatman-Yates and 
Hewett, 2010). However, it was not determined in this study whether these 
discrepancies were significantly higher in the KE moments when compared to the 
eccKF strength, and warrant future comparisons. 
 
The present study identifies that predicted thigh musculature strength is comparable 




and velocities exhibited during the completion of these tasks. When comparing 
between sidestep and crossover movements, the predicted strength values were 
comparable despite different knee joint angles and velocities. However, this can be 
accounted by the combined effect of knee joint angle and velocity. For instance, the 
regression analyses revealed that for the eccKF, the coefficient for joint angle 
identified lower strength values during increased knee flexion. When considering 
angular velocity, these results demonstrated gradual increases in strength with higher 
velocities. Therefore, by combining these responses, the predicted strength values 
for the sidestep tasks elicited increased angular velocity and knee flexion to that of 
crossover movement, and accounts for these similar strength values recorded during 
these movements. The combined effect of knee joint angle and velocity also account 
for the different predicted strength values that were observed across all defined 
events. For the eccKF, the observed higher strength values recorded during the 
loading phase when compared to initial ground contact can be attributed to the 
increased knee extension angles and angular velocities exhibited. This is can be 
accounted by the coefficients for knee joint angle and velocity, where these results 
indicate higher strength values for eccKF occur during periods of increased knee 
extension coupled with higher angular velocities.  
 
 
The present data suggests knee joint angle and angular velocity, specific to soccer 
playing age and gender, are significant predictors of thigh musculature strength. 
These observations are further supported by section A of the thesis and previous 
isokinetic strength assessments that identified strength is influenced by knee joint 
angle and angular velocity (El-Askher et al. 2015; Cohen et al. 2015; Evangelidis et 
al. 2015; De Ste Croix et al. 2017). In order to calculate strength, the movement must 




assessments of the thigh musculature, and further advocates the use of hopping 
manoeuvres.  
 
As it has been suggested that ACL injury risk is highest during and following 0.1 
seconds following ground contact of functional tasks, the sampling frequency of 
120Hz provides only 5 frames of footage to analyse during this period. As such, the 
camera sampling frequency used in this study may be a limitation, thus further 
research using higher sampling frequencies may be required in these populations to 
more appropriately identify injury risk. As injury risk may also be increases during 
movements with increases knee joint angular velocities, the use of hopping tasks 
could also considered a limitation. However, as hopping tasks resemble similar knee 
joint angular velocities to those observed during the assessment of isokinetic 
strength, this movement was able to quantify thigh musculature strength during the 
completion of these tasks. In turn, this may also reveal if the thigh musculature are 




This present study identified that knee joint angles and velocities were significant and 
strong predictors of thigh musculature strength. In turn, the predictive equations 
generated from the multiple linear regressions were able to quantify thigh musculature 
strength during sidestep and crossover hopping manoeuvres relative to female 
soccer playing age. Although peak muscular strength between playing ages were not 
significantly different, the use of age specific algorithms were able to identify 
differences across all phases of movement defined in this study. These equations 
yield data which enables a more functionally specific comparison of playing age at 




moments placed upon the knee joint during the completion of functional tasks are 
disproportionate to the thigh musculature strength capacities of senior and youth 
female soccer players. In turn, this may place an increased demand of the thigh 
musculature to dissipate large impact forces and may further influence injury risk, and 





A Comparison of Predicted Thigh Musculature Strength 





The first part of the final study identified no significant differences between senior and 
youth female soccer players in predicted peak thigh musculature strength during 
sidestep and crossover hopping manoeuvres. However, when specific phases of 
movement where considered, the senior females were able to elicit significantly 
higher predicted eccKF and conKE strength values when compared to youth players. 
These approaches may be able to identify whether the thigh musculature are 
sufficiently developed to dissipate the moments placed upon the knee joint during 
functional tasks at specific phases of movement. The present study focussed on 
identifying whether knee joint moments elicited during hopping manoeuvres were 
disproportionate to the thigh musculature's strength capacity in senior and youth 
female soccer players.  
 
Biomechanical assessments identify that exacerbated knee abduction and KE 
moments are associated with increased risk of knee ligament injury (Hewett et al. 
2005; Shimokochi et al. 2009; Hewett et al. 2010; Leppänen et al. 2017). In turn, this 
places an increased demand of the KF to counteract large joint moments 
(Doorenbosch and Harlaar 2003; Kellis et al. 2003). This has consequently led to 
literature suggesting that functional movements that exhibit large KE moments are 
associated with increased risk of knee ligament injury (Myer et al. 2004, 2009; Hewett 
et al. 2010). However, further research also identifies that KE moments are highest 
at knee joint angles of ~70° of knee flexion (Podraza and White, 2010), and not 
indicative of a KE dominance where injury reportedly occurs (Boden and Dean, 2000; 
Olsen et al. 2004; Pappas et al. 2007). As a consequence, this has led to suggestions 
that sufficiently developed strength of the KE musculature are also required to 
dissipate large moments placed on the knee joint (Norcross et al. 2010; Podraza and 
White, 2010). As such, if the external moments placed upon the knee joint are 




increased demands to maintain postural control and dissipate large impact forces. 
Sufficiently developed muscular strength of both KF and KE are therefore required to 
provide dynamic support for the knee joint during different phases of functional tasks 
(Hughes and Watkins, 2006). 
 
The procedures outlined in the previous study are able to quantify thigh musculature 
strength during initial ground contact, loading and propulsive phases of hopping 
manoeuvres that are suggested to be associated with increased injury risk (Quatman, 
Quatman-Yates and Hewett, 2010; Hewett and Myer, 2011; Norcross et al. 2013). As 
such, these approaches may better determine strength, as outlined in the thesis, at 
arbitrary knee joint angles and velocities associated with these tasks. The prediction 
of thigh musculature strength during hopping tasks also identified youth female soccer 
players to possess a reduced predicted strength capacity of the thigh musculature in 
comparison to their senior counterparts at the aforementioned phases of movement, 
and may be indicative of increased injury risk. Moreover, the previous study identified 
youth females to possess significantly lower non-dominant limb eccKF strength when 
compared to the dominant side, thus these musculature may have a reduced capacity 
to counter large KE moments during functional tasks and predispose this limb to an 
increased injury risk (Brophy et al. 2010; Hägglund and Waldén, 2015). When 
considering the combination of knee biomechanics and predicted thigh musculature 
strength during the completion of functional tasks, youth female soccer players may 
also have an increased demand to maintain postural control and dissipate impact 
forces at the aforementioned phases of movement, in particular for the non-dominant 
limb (Hewett et al. 2004; Hewett et al. 2015).  
 
As advocated by the thesis, the assessment of sidestep and crossover hopping 
manoeuvres can be used to assess knee biomechanics and predict thigh musculature 




musculature strength are proportionate to the moments placed upon the knee joint 
during hopping manoeuvres, this study will provide additional analyses on the 
respective data from the previous experimental chapter. The aims of part two of the 
final study were twofold: (a) to identify whether predicted eccKF and conKE were 
significantly different to the knee joint moments exhibited during the completion of 
hopping manoeuvres, relative to female soccer playing age, lower limb, and 
manoeuvre, (b) to compare the sagittal and frontal plane knee joint moments between 




Participants identified in the previous experimental chapter were selected for this 
present study.  
 
Testing Procedures 
The testing procedures comprised the completion of the procedures previously 
described in studies the general methods section.  
 
Data Analysis 
Data analysis was conducted utilising the same procedures as previously described 
in the general methods section.  
 
Statistical Analysis 
To establish whether statistically significant differences existed between the senior 
and youth playing ages, a repeated measures GLM was performed. The assumptions 




assess residual normality for each dependant variable, q-q plots were generated 
using stacked standardised residuals. Scatterplots of the stacked unstandardised and 
standardised residuals were also utilised to assess the error of variance associated 
with the residuals. Mauchly's test of sphericity was also completed for all dependent 
variables, with a Greenhouse Geisser correction applied if the test was significant. 
Where significant main effects or interactions were observed, post hoc pairwise 
comparisons with a Bonferonni correction factor were applied with 95% CI for 
differences were also reported. Partial eta squared (η2) values were calculated to 
estimate effect sizes for all significant main effects and interactions. Partial eta 
squared was classified as small (0.01 to 0.059), moderate (0.06 to 0.137) and large 
(>0.138) (Cohen, 1988). All statistical analysis was completed using PASW Statistics 
Editor 22.0 for windows (SPSS Inc, Chicago, USA). Statistical significance was set at 
P ≤ 0.05.  
 
10.3 Results 
Peak Knee Extensor Moments  
As identified by Figure 10.1, no significant interactions were identified for age, limb, 
and manoeuvre (P = 0.802; η2 = 0.002), age and manoeuvre (P = 0.147; η2 = 0.064), 
nor age and limb (P = 0.992; η2 < 0.001). There was also no significant main effect 
for manoeuvre (P = 0.711; η2 = 0.004) whereas a significant main effect for limb 
identified higher peak KE moments in the dominant limb (195.08 ± 44.49Nm) when 
compared to the non-dominant limb (174.85 ± 48.38Nm; 95% CI: 8.65 to 31.79Nm).  
 
Initial Contact 
The GLM identified no significant interactions for age, limb, and manoeuvre (P = 




= 0.289; η2 = 0.035). There were also no significant main effects for limb (P = 0.102; 
η2 = 0.081), whereas a significant manoeuvre main effect (P = 0.003; η2 = 0.251) 
identified higher KE moments in sidestep (172.08 ± 44.87Nm) when compared to 
crossover trials (148.45 ± 43.60Nm; 95% CI: 8.91 to 38.33Nm). 
 
Loading Phase 
The GLM identified no significant interactions for age, limb, and manoeuvre (P = 
0.098; η2 = 0.083), age and manoeuvre (P = 0.270; η2 = 0.038), nor age and limb (P 
= 0.631; η2 = 0.007). A significant main effect for limb (P < 0.001; η2 = 0.336) identified 
higher KE moments in the dominant limb (46.07 ± 38.17Nm) when compared to the 
non-dominant limb (30.91 ± 41.68Nm; 95% CI: 7.48 to 22.83Nm). A significant main 
effect for manoeuvre (P < 0.001; η2 = 0.494) also identified higher peak KE moments 
in sidestep trials (51.83 ± 38.35Nm) when compared to crossover trials (25.14 ± 
41.50Nm; 95% CI: 16.97 to 36.40Nm).  
 
Propulsive Phase 
The GLM identified no significant interactions for age, limb, and manoeuvre (P = 
0.686; η2 = 0.005), age and manoeuvre (P = 0.177; η2 = 0.056), nor age and limb (P 
= 0.590; η2 = 0.009). There was no significant main effect for manoeuvre (P = 0.123; 
η2 = 0.073), whereas a significant main effect for limb (P = 0.003; η2 = 0.238) identified 
higher KE moments in the non-dominant limb (39.76 ± 31.74Nm) when compared to 





Figure 10.1 illustrates KE moments during the stance phase of hopping manoeuvres for senior 
(black) and youth (grey) players. A: dominant sidestep; B: non-dominant sidestep; C: dominant 
crossover; D: non-dominant crossover. 
 
 
Peak Knee Abduction Moments 
As identified by Figure 10.2, a no significant interactions were identified for age, limb, 
and direction (P = 0.871; η2 = 0.001), age and direction (P = 0.872; η2 = 0.001), nor 
age and limb (P = 0.170; η2 = 0.058). A significant main effect for limb (P = 0.007; η2 
= 0.206) identified higher peak knee abduction moments in the dominant limb (-75.02 
± 34.41Nm) when compared to the non-dominant limb (-61.76 ± 36.57Nm; 95% CI: -
3.90 to -122.67Nm). A significant main effect for the direction of the manoeuvre (P < 
0.001; η2 = 0.815) also identified higher peak knee abduction moments in crossover 
(-106.91 ± 24.1 Nm) when compared to sidestep trials (-30.71 ± 46.85 Nm; 95% CI: -






The GLM identified no significant interactions for age, limb, and direction (P = 0.735; 
η2 = 0.004), age and direction (P = 0.692; η2 = 0.005), nor age and limb (P = 0.647; η2 
= 0.0107). No significant main effect for limb (P = 0.084; η2 = 0.091) was identified, 
whereas a significant main effect for the direction of the manoeuvre (P < 0.001; η2 = 
0.769) identified higher knee abduction moments in crossover trials (-74.83 ± 




The GLM identified no significant interactions for age, limb, and direction (P = 0.860; 
η2 = 0.001), age and direction (P = 0.413; η2 = 0.021), age and limb (P = 0.699; η2 = 
0.005). A significant main effect for limb (P = 0.005; η2 = 0.223) identified higher knee 
abduction moments in the dominant limb (-32.49 ± 24.45Nm) when compared to the 
non-dominant limb (-21.12 ± 21.94Nm; 95% CI: -3.72 to -19.01Nm). A significant main 
effect for the direction of the manoeuvre (P < 0.001; η2 = 0.640) also identified higher 
peak knee abduction moments in crossover trials (-36.70 ± 23.27Nm) when compared 
to sidestep trials (-16.90 ± 23.12Nm; 95% CI: -14.45 to -25.13Nm).  
 
Propulsive Phase 
The GLM identified no significant interactions for age, limb, and direction (P = 0.664; 
η2 = 0.006), age and direction (P = 0.753; η2 = 0.003), nor age and limb (P = 0.736; η2 
= 0.004). There was no significant main effect for limb (P = 0.199; η2 = 0.051), 
whereas a significant main effect for direction (P < 0.001; η2 = 0.748) identified higher 
knee abduction moments in the crossover manoeuvres (-39.77 ± 28.06Nm) when 





Figure 10.2 illustrates knee abduction moments during the stance phase of hopping 
manoeuvres for senior (black) and youth (grey) players. A: dominant sidestep; B: non-
dominant sidestep; C: dominant crossover; D: non-dominant crossover. 
 
Strength and Joint Moment Comparisons 
Initial Ground Contact 
The GLM identified a significant four-way interaction for age, manoeuvre, limb and 
moments (P = 0.032; η2 = 0.126). As demonstrated by Table 10.1, it was identified in 
senior females that the KE moments were significantly higher in sidestep and 
crossover manoeuvres for the dominant lower limb when compared to the predicted 
eccKF values. Similar findings were also observed for the non-dominant limb, as KE 
moments were significantly higher in sidestep, but not crossover manoeuvres when 
compared to the predicted eccKF values. For youth female soccer players, it was 
identified that the KE moments were significantly higher in sidestep and crossover 
manoeuvres for the dominant lower limb when compared to the predicted eccKF 
values. Similar findings were also observed for the non-dominant limb, as the KE 
moments were significantly higher in sidestep and crossover manoeuvres when 





The GLM identified a significant four-way interaction for age, manoeuvre, limb and 
moments (P = 0.017; η2 = 0.135). As demonstrated by Table 10.1, it was identified in 
senior females that the predicted eccKF values were significantly higher in sidestep 
and crossover manoeuvres for the dominant lower limb when compared KE moments. 
Similar findings were also observed for the non-dominant limb, as the predicted 
eccKF values were significantly higher in sidestep and crossover manoeuvres when 
compared to KE moments. For youth female soccer players, it was identified that the 
predicted eccKF values were significantly higher in sidestep and crossover 
manoeuvres for the dominant lower limb when compared to KE moments. Similar 
findings were also observed for the non-dominant limb, as the predicted eccKF values 




The GLM identified a significant four-way interaction for age, manoeuvre, limb, and 
moments (P = 0.048; η2 = 0.093). As demonstrated by Table 10.1, it was identified in 
senior females that the predicted conKE values were significantly higher in sidestep, 
but not for crossover manoeuvres, for the dominant lower limb when compared to KE 
moments. For the non-dominant limb, the predicted conKE values were not 
significantly higher in sidestep, but were during crossover manoeuvres when 
compared to KE moments. For youth female soccer players, it was identified that the 
predicted conKE values were significantly higher in sidestep and crossover 
manoeuvres for the dominant lower limb when compared to KE moments. For the 
non-dominant limb, the predicted conKE values were not significantly higher in 




   
   Table 10.1  
KE Moments and Predicted Thigh Musculature Strength Between Senior and Youth Females 
 During Sidestep Manoeuvres. 95% CI for Differences are Reported for all Significant Differences 
 Senior Youth Senior Youth 
 Sidestep Manoeuvre Crossover Manoeuvre 




    





189.3 ± 49.9* 
95%CI: 
46.8 to 98.5 
168.2 ± 49.8* 
95%CI: 
24.2 to 86.8 
168.2 ± 34.8* 
95%CI: 
30.8 to 81.8 
162.4 ± 43.7* 
95%CI: 
13.5 to 76.1 
155.5 ± 43.5* 
95%CI: 
43.4 to 92.7 
 
145.0 ± 55.4 
 
147.1 ± 34.3* 
95%CI: 
23.2 to 72.7 
146.0 ± 41.8* 
95%CI: 
12.1 to 65.9 
Predicted 









63.1 ± 46.6 20.4 ± 36.9 73.3 ± 31.1 50.4 ± 32.4 16.0 ± 39.3 24.8 ± 61.9 31.7 ± 33.7 27.9 ± 23.0 
Predicted 
eccKF 
156.7 ± 9.6* 
95%CI: 
5.4 to 111.8 
157.7 ± 11.0* 
95%CI: 
116.2 to 149.9 
138.9 ± 8.7* 
95%CI: 
47.4 to 83.8 
136.8 ± 16.1* 
95%CI: 
70.7 to 104.5 
153.5 ± 9.7* 
95%CI: 
121.8 to 161.5 
151.3 ± 8.2* 
95%CI: 
106.0 to 151.4 
138.1 ± 14.0* 
95%CI: 
85.2 to 124.9 
133.0 ± 15.6* 
95%CI: 
















60.4 ± 34.1* 
95%CI:  
11.6 to 50.1 
 
54.5 ± 28.0 
 
 
46.88 ± 19.0 
 
 
57.2 ± 26.7 
 
63.7 ± 33.2 
 
67.1 ± 33.7 
 
41.0 ± 20.1 
 






The present data identified no significant differences between female soccer playing 
ages in sagittal and frontal plane knee joint moments, although significantly higher 
knee abduction moments were identified for the crossover tasks and dominant limb. 
Further observations also identified significantly higher KE moments during initial 
ground contact of hopping manoeuvres, relative to playing age, lower limb, and 
cutting manoeuvre, when compared to predicted eccKF strength values. During the 
loading and propulsive phases of hopping manoeuvres, significantly higher predicted 
eccKF and conKE strength values, respectively, were identified when compared to 
KE moments. These present data consequently suggest the KE moments exhibited 
during the initial contact phase of hopping manoeuvres are disproportionate to the 
strength capacities of the eccKF in female soccer players. As such, the predicted 
eccKF musculature have a reduced ability to counteract large KE moments during 
the completion of functional tasks where injury risk is reportedly increased (Hewett 
and Myer, 2011; Benche et al. 2012; Norcross et al. 2013).  
 
 
Irrespective of playing age and direction of cutting manoeuvre, the present study 
identified significantly higher peak knee abduction moments for the dominant limb 
when compared to the non-dominant side. These findings were also consistent for 
the dominant limb's peak KE moments and respective values recorded at initial 
ground contact. No significant differences were also identified between lower limbs 
for knee abduction moments following initial ground contact where risk of knee 
ligament injuries are increased (Hewett and Myer, 2011; Benche et al. 2012; Norcross 
et al. 2013). Similar findings for knee abduction moments also identified no significant 
differences between lower limbs at the loading and propulsive phases of hopping 




abduction moments for crossover tasks when compared to sidestep trials, in 
agreement with some (Malinzak et al. 2001; Harrison et al. 2008; Ortiz et al. 2011), 
but not all (Besier et al. 2001; Potter et al. 2014) previous studies. These present 
findings therefore reinforce the need to consider different manoeuvres and phases of 
movement to appropriately inform preventative measures. 
 
Previous studies have compared between sidestep and crossover cutting 
manoeuvres, with some (Besier et al. 2001; Potter et al. 2014) but not all (Malinzak 
et al. 2001) identified significantly higher knee abduction and extensor moments in 
sidestep manoeuvres. The present study identified significantly higher knee 
abduction moments during sidestep manoeuvres when compared to crossover tasks, 
in agreement with some previous observations (Besier et al. 2001; Potter et al. 2014). 
However, the present study is not entirely in support with these previous observations 
as significantly higher knee abduction moments were identified during crossover 
tasks, and may be accounted by increased medial impact forces elicited during these 
tasks (Jindrich et al. 2006). These present findings are however in agreement with 
the observations of Ortiz et al. (2011) that identified significantly higher knee 
abduction moments in non-injured healthy females during crossover hopping when 
compared to sidestep tasks. As change of direction tasks commonly use sidestep 
manoeuvres to determine sagittal and frontal plane knee biomechanics (Brown et al. 
2014), disregarding the use of crossover manoeuvres may overlook large knee 
abduction moments elicited. This may have implications for injury risk given the 
association between exacerbated knee abduction moments and knee ligament injury 
(Hewett et al. 2005; Shimokochi et al. 2009), thus there appears a need to screen for 





These present data also reveal that the knee abduction and extensor moments varied 
throughout all defined events. In relation to knee extensor moments, these values 
were highest around the period following initial ground contact, where knee flexion 
angles would begin to increase. This is a result of an external knee flexor moment 
that flexes the knee joint, thus an equal and opposite internal extensor moment is 
required to oppose these external forces (Brunner and Rutz, 2013). This is also in 
support of further research that identified higher knee extensor moments at increased 
knee flexion angles during bilateral drop landings (Podraza and White, 2010; 
Norcross et al. 2013). For knee abduction moments, these values were also highest 
around the period following initial ground contact where the directional change begins 
to occur. These responses may be attributed to a longer moment arm during 
directional changes, where increased horizontal placement of the lower limb has been 
suggested to increase the perpendicular distance between the knee joint and force 
vector, resulting in increased knee abduction moments typically seen in multiplanar 
movements (Quatman et al. 2010; Jones et al. 2015). In turn, this may place demands 
of the thigh musculature to dissipate this forces and maintain postural control.  
 
 
As no study to date has previously considered thigh musculature strength capacities 
in relation to the moments placed upon the knee joint during functional tasks, direct 
comparisons to previous literature are not possible. Nevertheless, biomechanical 
parameters, such as KE moments have been associated with increased risk of knee 
ligament injury (Shimokochi et al. 2009; Hewett et al. 2010; Leppänen et al. 2017), 
yet considering this metric in isolation without the appreciation the thigh musculature's 
ability to manage these demands may not be appropriate. This is further supported 
by previous suggestions that identified sufficiently developed eccKF strength is 
required to help provide dynamic stability for the knee joint by resisting large KE 




Kellis et al. 2003; Hughes and Watkins, 2006). Similarly, the KE are also required to 
dissipate large impact forces during functional movements associated with risk of 
knee ligament injury (Norcross et al. 2010; Podraza and White, 2010). However, as 
the aforementioned literature did not determine thigh musculature strength, it is 
unclear as to whether strength deficits relative to the KE moments may be an 
influencing factor for risk of knee ligament injury. The present data identified at initial 
ground contact that the KE moments were significantly higher when compared to 
predicted eccKF strength values, irrespective of playing age, manoeuvre and limb. 
These data therefore advocate the assessment of net joint moments relative to 
strength of the thigh musculature during functional movements. 
 
The present data identified that the KE moments following initial ground contact were 
significantly higher when compared to predicted eccKF strength values, irrespective 
of hopping manoeuvre, thus placing these musculature at an increased demand to 
provide dynamic stability for the knee joint (Doorenbosch and Harlaar 2003; Kellis et 
al. 2003). It has also been reported that knee ligament injury risk is largest following 
initial ground contact, and reinforces the need to determine knee biomechanics 
across specific events during the completion of functional tasks (Hewett and Myer, 
2011; Norcross et al. 2013). As such, these findings also reiterate the need for 
sufficiently developed eccKF strength during specific phases of functional movements 
associated with injury risk (Shimokochi and Shultz, 2008; Boden et al. 2010). In 
contrast, during the loading and propulsive phases of hopping manoeuvres, the 
predicted eccKF and conKE strength values, respectively, were significantly higher 
when compared to the KE moments. These present observations support the need 
to develop preventative strategies that better conditioning soccer players to manage 




The significant differences between KE moments and predicted eccKF muscular 
strength at initial ground contact were further pronounced in youth female soccer 
players when compared to seniors, irrespective of hopping manoeuvres. These 
observations are accounted by the present study findings that identified no significant 
differences in KE moments between female soccer ages during hopping manoeuvres. 
In addition, youth female soccer players possessed significantly reduced predicted 
eccKF strength values when compared to senior aged players during the completion 
of crossover hopping manoeuvres at initial ground contact, as identified by the 
previous experimental chapter. Therefore, youth female soccer player's eccKF may 
be at an increased demand to provide knee joint stability, as previously described. 
These present observations may have implications for youth female soccer players 
who are predisposed to an increased risk of knee ligament injury (Renstrom et al. 
2008; Hägglund and Waldén, 2016). Biomechanical screening methods that 
determine KE moments should also consider the strength capacity of the thigh 
musculature to more appropriately identify discrepancies that may influence potential 
injury risk. 
 
As the thesis has only assessed eccKF and conKE, the present study was unable to 
refer to eccentric KE strength, and acknowledged as a limitation, therefore research 
should also determine these strength values in future research. Moreover, the 
algorithms used to predict thigh musculature strength are specific to data obtained 
throughout the thesis. These data are also specific to the populations used within this 
study, and cannot be generalised beyond this cohort of players. As such, further 
research may wish to conduct similar investigations in other populations. These data 
are able to suggest that the current procedures could better determine whether thigh 
musculature strength are sufficiently developed to dissipate the moments placed 




Since the predicted strength values recorded in part one of this study occurred during 
the initial contact phase of movement where injury risk is suggested to be highest, 
these data may be indicative of an increased risk of injury to these cohorts of players. 
Section two of this study also identify that the knee extensor moments recorded at 
initial contact were disproportionately higher when compared to the eccKF, 
suggesting KE dominance at initial ground contact, which has also been previously 
associated with injury risk. To reduce potential risk of knee ligament injuries, it has 
been suggested that neuromuscular training programmes lower injury risk (Myer et 
al. 2013; Sugimoto et al. 2012; 2016). These training programmes comprise 
plyometric, strengthening, proprioceptive and verbal feedback, and were suggested 
by the aforementioned studies to be most effective when used in combination for at 
least 20 minutes, twice a week (Sugimoto et al. 2012; 2016). These training 
interventions could also be adapted in line with this study’s findings by focusing 
plyometric movements that focus on initial ground contact of multidirectional tasks. 
This could also be combined with eccKF exercises that strengthen these musculature 
at specific knee joint angles and velocities. Therefore, functional (variants of deadlifts, 
squats and lunges) and isolated strengthening exercises for the knee flexors and 
knee extensors may be adapted to target strength developments at specific joint 
angles. Performing the aforementioned exercises at higher training velocities should 
consequently also be considered to improve force production during high-speed 
movements (Kawamori and Newton, 2006), and can also be adapted to target specific 




When determining the KE moments required during the completion of functional 
tasks, these parameters should be considered alongside the strength capacity of the 




values were significantly higher than KE moments elicited during the loading and 
propulsive phases of hopping manoeuvres, respectively. At initial ground contact, the 
present approaches were also able to identify that the KE moments were significantly 
higher than eccKF's strength capabilities, thus creating potential imbalances between 
these musculature which has been previously associated with injury risk (Croisier et 
al. 2008; Hewett et al. 2010; Leppänen et al. 2017; Lee et al. 2017). In turn, these 
approaches may identify additional training needs of soccer players aimed to reduce 
potential injury risk through appropriate interventions that include plyometric and 









Angle and velocity specific measures of isokinetic strength are advocated for 
determining thigh musculature strength in soccer players. However, this 
methodological approach should aim to quantify muscular strength at precise knee 
joint angles and velocities that are exhibited during functional tasks associated with 
lower limb injury. It was identified that youth female's peak knee flexion angles were 
significantly higher for both lower limbs during sidestep tasks when compared to 
senior females. No other significant differences were identified for peak values 
associated in the sagittal and frontal planes between female soccer playing ages. 
When further events were considered, senior female soccer players exhibited 
significantly higher knee abduction angles during the loading phase of sidestep 
hopping manoeuvres when compared to youths. As such, the present findings 
identified limited differences in sagittal and frontal plane knee kinematics between 
senior and youth female soccer players during periods where injury risk is enlarged.  
 
The results from study 5 also identified the knee joint angles and velocities exhibited 
during the completion of hopping tasks were similar to those observed in isokinetic 
dynamometry. These key events were subsequently used to predict thigh 
musculature strength, based on regression models expressing torque as a function 
of knee joint angle and velocity in study 6. Using the procedures defined in Section A 
of the thesis to determine thigh musculature strength, it was identified that knee joint 
angle and velocity were significant predictors of eccKF and conKE strength in senior 
and youth female soccer players. This subsequently allowed the prediction of thigh 
musculature strength by utilising knee joint angles and velocities exhibited during 
hopping manoeuvres. Thereafter, peak predicted musculature strength were not 
significantly different between senior and youth female soccer players. When 
considering initial contact, loading and propulsive phases of hopping manoeuvres, 




soccer players when compared to youths, irrespective of hopping direction. It was 
also identified that youth female soccer players exhibited significantly higher eccKF 
strength in the dominant limb when compared to the non-dominant limb during 
sidestep hopping tasks. As such, these findings identify that youth female soccer 
players possess significantly lower thigh musculature strength values during periods 
where injury risk is reportedly increased.  
  
The final study of this Section comprised further analyses of the data collected in 
study 6, and designed to identify if predicted thigh musculature strength were 
proportionate to the moments placed upon the knee joint during hopping manoeuvres. 
Study 7 identified that the knee joint moments exhibited during sidestep and 
crossover hopping manoeuvres were significantly higher when compared to the 
predicted thigh musculature strength during initial contact, but significantly lower at 
loading and propulsive phases of movement. These data also identified no significant 
differences in sagittal and frontal plane knee joint moments during hopping tasks 
between playing age. However, at all defined phases of movement, study 6 identified 
significantly lower thigh musculature strength values in youth female soccer players 
when compared to their senior counterparts. As such, youth female soccer players 
may experience a higher relative demand to maintain postural control and dissipate 
large impact forces, and may influence potential injury risk.  
 
The collection of studies comprised within Section B of the thesis identified few 
differences in sagittal and frontal plane knee biomechanics between senior and youth 
female soccer players. These observations were also consistent across different 
phases of movement that have been previously associated with increased injury risk. 
As such, these data suggest that these cohorts of players predominately exhibit 




significantly lower thigh musculature strength values at the same defined phases of 
movement when compared to senior aged players. When considering that knee joint 
moments were not significantly different between female soccer playing ages, it could 
be suggested that youth females may experience a higher relative demand to 
maintain postural control and dissipate large impact forces. The collection of these 
studies may further develop strength profiling by calculating strength at specific 
phases of movements associated with injury risk, and evaluate these interpretations 









11.1 Summary of Study Findings  
The overall aim of the thesis was to further develop the procedures and analytical 
approaches of determining thigh musculature strength and methods for screening 
potential injury risk in elite cohorts of soccer players. For instance, the strength 
characteristics of the thigh musculature were influenced by the inclusion of knee joint 
angles and additional testing velocities. As such, the inclusion of these additional 
parameters have implications for identifying potential injury risk and subsequent 
exercise prescription. These additional procedures and analytical approaches were 
modifiable during late stage rehabilitation programme that could be equally be 
transferred to further exercise prescription. Age and gender of the soccer player also 
influence the angle and velocity specific measures of thigh musculature strength, thus 
screening methods are also warranted in these cohorts of players to identify potential 
injury risk and for informing subsequent exercise prescription.  
 
11.2 General Discussion 
Enlarged conKE strength values relative to the eccKF have been frequently identified 
by literature to be a risk factor for KF and ACL injuries (Croisier et al. 2002, 2008; 
Hewett et al. 2010; Lee et al. 2017). However, the aforementioned studies identified 
higher conKE strength values relative to the eccKF at low testing velocities and 
calculated DCR based on the PT of these musculature, despite APT occurring at 
distinctly different knee joint angles (Small et al. 2010; El-Ashker et al. 2015; De Ste 
Croix et al. 2017). Contrary to these suggestions, Section A of the thesis consistently 
demonstrated the eccKF were significantly stronger than the conKE musculature at 
increased knee joint angles and velocities where KF and ACL injuries are reported to 
occur (Boden and Dean, 2000; Chumanov et al. 2012; Higashihara et al. 2015). 
Significantly higher conKE values relative to the eccKF musculature were only 




is less likely to occur. Alternatively, the present procedures and metrics further 
reiterates the importance of the eccKF to stabilise the knee joint (Li et al. 1999; 
MacWilliams et al. 1999; Chmielewski et al. 2002) due to the inability of the KE to 
exhibit force where injury risk is increased. As such, the sole use of PT and DCR at 
low angular velocities that are consistently used may be inappropriate for identifying 
strength characteristics of eccKF and conKE with implications for injury risk. In turn, 
this may incorrectly identify conKE strength dominance when profiling these 
musculature in different cohorts of soccer players. 
 
The defined procedures and metrics associated with isokinetic dynamometry were 
also sensitive to injury status, playing age and gender of the soccer player. 
Specifically, it was identified that eccKF and conKE PT, DCR and their angle-specific 
derivatives were modifiable following an appropriate training stimulus. Furthermore, 
these metrics were able to distinguish between injured and non-injured soccer 
players. Whilst the AST strength values also identified significant differences between 
soccer playing ages for both genders, the PT and DCR metrics were unable to identify 
significant differences in male soccer playing ages. However, it was identified that PT 
strength values for youth females were significantly lower when compared to their 
senior counterparts. Therefore, PT and DCR metrics may be more appropriate for 
identifying discrepancies between injured players and those with different weekly 
training demands. These observations are supported by previous studies in soccer 
players of varying ages, and identified larger differences in PT and DCR values 
between those with different training requirements (Gür et al. 1999; Kellis et al. 2001; 
Manson et al. 2014). However, AST measures are able to identify significant 
differences between male senior and youth players who have similar weekly training 
demands. As these metrics are not commonly determined during isokinetic strength 




lead to incorrect interpretation of training needs, particularly in those with increasingly 
subtle differences. As such, AST strength measures determined across different 
testing velocities may identify additional training needs of youth soccer players, and 
may be particularly important when considering these cohorts are predisposed to an 
increased injury risk (LeGall et al. 2006, 2008; Renshaw and Goodwin, 2016; 
Augustsson and Ageberg, 2017). 
 
A limited number of significant differences were identified between senior and youth 
soccer players, relative to gender, for the DCR and DCRAST metrics. These 
observations could indicate that youth soccer players may not be at an increased 
injury risk when compared to their senior counterparts. Nevertheless, to appropriately 
identify injury risk and inform exercise prescription, DCR and DCRAST should be used 
in conjunction with their associated PT and AST values. Such considerations may be 
important for practitioners when considering that equally impaired strength of both 
eccKF and conKE can present DCR values of ~1, thereby suggesting muscular 
balance and a reduced risk of injury. Therefore, the corresponding torque values that 
calculate strength ratios are also recommended to identify both musculature strength 
deficits and imbalances, thus providing a more appropriate method of identifying 
training needs. These findings are particularly important as AST for the eccKF and 
conKE were significantly lower for youths when compared to senior aged players, 
thus the sole use of DCRAST may not appropriately identify potential injury risk and 
training needs. These considerations therefore highlight limitations in recent 
prospective studies that identified no significant association with DCR's and KF 
injuries in soccer players (Dauty et al. 2017; Van Dyk et al. 2017); however, these 




The AST strength measures were also able to identify significant differences between 
dominant and non-dominant limbs that were not detected by the PT metric. 
Specifically, significantly higher eccKF AST values at 270°·s-1 were identified in senior 
male soccer players at increased knee extension angles for the dominant limb when 
compared to the non-dominant side. Moreover, significantly lower AST eccKF 
strength values were identified at increased knee extension angles and across 
velocities in youth female's non-dominant limb when compared to the dominant side. 
However, no significant differences were observed between dominant and non-
dominant lower limbs for PT of the thigh musculature for these cohorts of players, 
thus AST may provide further insight into bilateral strength differences. Although 
previous studies have not assessed bilateral strength differences in female soccer 
players, such studies in males have yielded equivocal results when identifying PT 
between dominant and non-dominant lower limbs (Rahnama, Less and Bambaecichi, 
2005; Croisier et al. 2008; Fousekis, Tsepis and Vagenas, 2010). Since these studies 
did not determine AST strength values, significant bilateral strength differences could 
have been overlooked. In turn, the defined procedures and metrics may further inform 
exercise prescription to correct for such discrepancies and reduce potential injury risk. 
 
Defining AST metrics across angular velocities are advocated for identifying thigh 
musculature strength that better appreciates functional movements and mechanisms 
associated with injury (Boden and Dean, 2000; El-Ashker et al. 2015; Chumanov et 
al. 2012; Cohen et al. 2015; Evangelidis et al. 2015; Higashihara et al. 2015; De Ste 
Croix et al. 2017). However, these approaches can only determine thigh musculature 
strength characteristics of knee joint angles and velocities that are arbitrarily selected. 
In turn, it is not possible to identify the strength characteristics of the thigh 
musculature at precise knee joint angles and velocities that are exhibited during the 




muscular strength is influenced by knee joint angles and velocities, these parameters 
should inform further screening methods. Knee joint angles and velocities can be 
defined during biomechanical assessments of tasks associated with lower limb 
injuries, and may enable increased specificity of strength profiling for the thigh 
musculature. Specifically, quantification of knee joint angles and velocities may inform 
methods to determine thigh musculature strength values during the completion of 
functional tasks. Biomechanical assessments of the knee joint during functional tasks 
may also identify differences between female soccer playing age, particularly when 
youths are predisposed to an increased risk of ACL injury (Renstrom et al. 2008, 
Hägglund and Waldén, 2016). Therefore, section B of the thesis assessed knee 
biomechanics between senior and youth female soccer players during functional 
tasks, where these movements were also used to inform additional methods for 
quantifying thigh musculature strength. 
 
A limited number significant differences in sagittal and frontal plane knee 
biomechanics were identified between senior and youth female soccer players during 
hopping tasks. These findings were also consistent at initial ground contact, and 
during the loading and propulsive phases of hopping manoeuvres that are associated 
with injury risk (Quatman, Quatman-Yates and Hewett, 2010; Hewett and Myer, 2011; 
Benche et al. 2012; Norcross et al. 2013). Although hopping manoeuvres have 
previously identified significant differences between injured and non-injured 
participants (Ortiz et al. 2011), the kinematic and kinetic variables derived from these 
tasks may not sufficiently determine differences in knee biomechanics across healthy 
female soccer playing ages. However, when considering that youth female soccer 
players possessed significantly lower AST strength values when compared to senior 
aged players, youths may also demonstrate strength discrepancies during the 




The sagittal plane knee joint angles and velocities exhibited during hopping tasks 
were similar to those observed during isokinetic dynamometry, and were used to 
inform additional screening methods within section B of the thesis. Specifically, this 
entailed quantifying thigh musculature strength during hopping tasks as a function of 
knee joint angle and velocity, relative to female soccer playing age. Following 
additional isokinetic strength assessments in accordance with the procedures defined 
in section A, it was identified that knee joint angle and velocity were significant 
predictors of thigh musculature strength in both senior and youth female soccer 
players. These regression analyses validated algorithms to predict thigh musculature 
strength at precise knee joint angles and velocities that may be used to quantify 
strength during functional tasks. Further biomechanical assessments of hopping 
tasks and the associated knee joint angles and velocities were inputted into the 
predictive equations to subsequently compare between senior and youth female 
soccer players. No significant differences in peak predicted thigh musculature 
strength values were identified between female soccer playing ages. However, 
significantly higher strength values were exhibited across all other defined events in 
senior female soccer players when compared to youths, irrespective of hopping 
manoeuvre. These findings may be important as youth players demonstrated 
significantly lower strength values during periods where injury risk is reportedly 
increased, such as initial contact, loading and propulsive phases of functional tasks 
(Quatman, Quatman-Yates and Hewett, 2010; Hewett and Myer, 2011; Benche et al. 
2012; Norcross et al. 2013). As such, these approaches are able to determine 
strength differences between female soccer playing ages during phases of movement 
associated with lower limb injury, and provide further insight into possible factors that 





Determining predictive equations for thigh musculature strength and biomechanically 
assessing movements can identify strength at precise knee joint angles and velocities 
with enhanced functional relevance. These approaches were also able to identify if 
the thigh musculature are sufficiently developed to dissipate the moments placed 
upon the knee joint during the completion of functional tasks. Although enlarged 
internal KE moments have been associated with increased risk of knee ligament injury 
(Shimokochi et al. 2009; Hewett et al. 2010; Leppänen et al. 2017), it was unknown 
whether these demands are disproportionate to the thigh musculature strength 
capacities. The present data observed that the eccKF and conKE were significantly 
higher than KE moments for loading and propulsive phases of hopping tasks for both 
female playing ages. However, it was also identified that the KE moments were 
significantly higher at initial ground contact when compared to the eccKF for both 
senior and youth female soccer players. In turn, these significant differences 
coincided with the point when risk of knee ligament injury is possibly highest (Boden 
and Dean, 2000; Hewett and Myer, 2011; Benche et al. 2012; Norcross et al. 2013), 
thus the eccKF have increased demands to counter KE moments. Although the knee 
joint moments were not significantly different between female soccer playing ages, 
youth female soccer players possessed significantly lower thigh musculature strength 
values during hopping tasks. Therefore, it can be suggested that youth female soccer 
players may be at an increased injury risk due to increased relative demands of the 
thigh musculature to maintain postural control and dissipate large impact forces. 
These considerations may identify further biomechanical discrepancies between 
senior and youth female soccer players that may have potential implications for injury 
risk. 
 
Thigh musculature strength is commonly determined at slow testing velocities that 




indicative of absolute strength and their associated strength ratios of soccer players, 
such methods lack functional relevance to movement. As such, the thesis has 
identified isokinetic strength characteristics of the thigh musculature at increasingly 
relevant knee joint angles and velocities in soccer players that better resemble 
functional movements. Nevertheless, these procedures are unable to define strength 
at particular knee joint angles and velocities during the completion of functional tasks 
associated with injury. Consequently, this thesis has developed a new concept for 
determining thigh musculature strength. By biomechanically analysing movements 
specific to the demands of soccer that are also associated with mechanisms of lower 
limb injury, thigh musculature strength can be determined during these tasks at 
specific phases where the athlete performs. Through the development of predictive 
equations, kinematic data of the knee joint derived from biomechanical assessments 
can quantify thigh musculature strength at specific phases of movement where injury 
risk may increase. These approaches are also able to identify if the thigh musculature 
are sufficiently conditioned to dissipate 
 
11.3 Future Recommendations and Limitations 
There are a number of limitations associated with the studies comprised within the 
thesis, with implications for future research. The procedures and metrics associated 
with isokinetic dynamometry in section A of the thesis considers strength metrics that 
better represent the aetiological factors of thigh musculature and knee ligament 
injuries. However, it was not possible to obtain data at extreme joint angles and 
velocities where injury risk may further increase. It was also not possible to capture 
data at individual joint angles due to the sampling frequency of the dynamometer 
used. Irrespective of the aforementioned limitations, isokinetic dynamometry and 
muscular strength testing is commonly performed in soccer. It is therefore important 




but as identified in the current thesis, practitioners should attempt to develop methods 
to better utilise equipment to further inform practice.  
 
Section A of the thesis focused on methods to enhance screening and analytical 
methods of isokinetic strength assessments of the eccKF and conKE musculature. 
As muscular strength deficits and imbalances have been associated with thigh 
musculature and knee ligament injuries in soccer players (Croisier et al. 2008; Lee et 
al. 2017), muscular strength has therefore been identified to be a modifiable risk factor 
for such injuries. Prospective studies have previously conducted isokinetic strength 
assessments with specific focus of KF injuries in senior aged male soccer players 
(Croisier et al. 2008; Van Dyk et al. 2016, 2017; Lee et al. 2017; Bakken et al. 2018), 
although similar studies have yet to be conducted using the approaches defined 
within the thesis and in relation to knee ligament injuries. No prospective study has 
also been conducted in youth males or female soccer players in relation to isokinetic 
strength assessments, thus future studies could utilise the defined procedures in 
Section A of the thesis to establish an association with thigh musculature and knee 
ligament injuries.  
 
Although the approaches in Section A have also considered injury status, limb 
dominance, playing age and gender of the soccer player, other factors also appear to 
influence injury risk. For instance, acute and cumulative periods of soccer-specific 
activity are associated with increased risk of KF injury (Hawkins et al. 2001; Ekstrand 
et al. 2011). This has resulted in significant reductions in KF PT during simulations of 
soccer match-play and fixture congestion (Greig, 2008; Small et al. 2010; Page et al. 




strength responses of the KF in relation to soccer-specific exercise, relative to age, 
limb dominance and gender of the soccer player.  
 
The procedures and metrics defined in Section A of the thesis identified significant 
differences between senior and youth soccer players, relative to gender. As such, 
these findings identify additional strength training needs of youth players who begin 
to participate against senior aged players that may be influenced by, but not limited 
to adolescent growth. As the effects of adolescent growth were not determined in 
either study 3 or 4 of the thesis, this may be considered as a potential limitation. The 
current procedures could therefore be determined in future research in younger aged 
players to determine the effects of adolescent growth where injury risk begins to 
increase. This may also be considered in future studies that could assess knee 
biomechanics of youth female soccer players where risk of knee ligament injuries also 
begin to increase. 
 
In relation to section B of the thesis, the studies comprised within this section also 
have limitations. For instance, as it has been suggested that ACL injury risk is highest 
during and following 0.1 seconds following ground contact of functional tasks, the 
sampling frequency of 120Hz provides only 5 frames of footage to analyse during this 
period. As such, the camera sampling frequency used in these studies may be a 
limitation, thus further research using higher sampling frequencies may be required 
in these populations to more appropriately identify injury risk. As injury risk may also 
be increased during movements with higher knee joint angular velocities, the use of 
hopping tasks could also be considered a limitation. Therefore, future research 




players may wish to utilise increased camera sampling frequencies to better 
determine knee ligament injury risk during periods of high-risk period of movement.  
 
 
With specific reference to study 5, future research could also assess the influence of 
hip and trunk biomechanics between senior and youth female soccer players in 
relation to knee ligament injury risk (Hewett et al. 2010; Hewett and Myer, 2011; Frank 
et al. 2013). A potential limitation of this study was that unanticipated cutting 
manoeuvres were not explored, particularly when these tasks are suggested to 
possess enhanced sport specificity and better determine injury risk (Ford et al. 2005; 
Meinerz et al. 2015; Yom et al. 2018). In an attempt to better determine whether the 
knee kinematics and kinetics derived from hopping tasks can identify differences 
between female soccer playing ages, unanticipated trials should also be assessed. 
 
Study 6 focused on the development of age specific algorithms for predicting thigh 
musculature strength during hopping tasks, and to enable comparisons between 
female soccer players. It must be acknowledged that the algorithms developed in this 
study were specific to the movement, contraction modes and populations used. These 
measures therefore cannot be currently generalised beyond these defined 
procedures. Moreover, as this study did not determine eccentric KE strength, it was 
not possible to predict strength values of these musculature during loading phases of 
hopping manoeuvres. As eccentric KE strength is required to sufficiently dissipate 
impact forces during the completion of functional tasks (Podraza and White, 2010; 
Norcross et al. 2010), defining these strength values may better identify differences 
between female soccer playing ages. Subsequently, it was also not possible to 
identify if the strength capacity of the eccentric KE were proportionate to the KE 




studies should also assess and determine eccentric KE in accordance with the 
procedures outlined in Section A of the thesis. 
 
This thesis has provided further methodological and analytical approaches for 
determining thigh musculature strength associated with isokinetic dynamometry, 
relative to injury status, limb dominance, playing age and gender of elite soccer 
players. Muscular strength has also been associated with thigh musculature and knee 
ligament injuries in sports such as basketball, rugby, netball, football and handball 
(Hootman, Dick and Agel, 2007; Renstrom et al. 2008; Freckleton and Pizzari, 2013; 
Opar et al. 2015). The present procedures and analytical approaches may also be 
used within these aforementioned sports to characterise thigh musculature strength. 
Moreover, the same principles used to inform the defined approaches in this thesis 
may also be applied to various joints of the body to further enhance the efficacy of 
isokinetic dynamometry to profile muscular strength.  
 
11.4 Conclusion 
The thesis has identified that isokinetic eccKF and conKE strength are influenced by 
knee joint angle and velocity across elite soccer players, relative to injury status, limb 
dominance, playing age and gender. The procedures and analytical approaches 
consequently did not identify a conKE strength dominance across these cohorts of 
players that is commonly cited as a risk factor for KF and ACL injuries (Hewett et al. 
2007; Croisier et al. 2008; Lee et al. 2017). Whilst the PT and DCR metrics appear 
appropriate for distinguishing between injured players and those with dissimilar 
weekly training demands, these metrics are not able to identify discrepancies 
between soccer players with increasingly subtle differences. The AST strength 




between all cohorts of players, including players with similar weekly training demands 
and smaller strength differences. Therefore, defining AST strength across a variety 
of angular velocities are advocated by this thesis, and can highlight additional strength 
training needs of soccer players that may have implications for potential injury risk 
and exercise prescription. 
 
Although AST strength metrics possess enhanced functional relevance when 
compared to previous methods that determine thigh musculature strength, these 
procedures are unable to identify strength at particular knee joint angles and velocities 
exhibited during the completion of functional tasks. To quantify thigh musculature 
strength during functional tasks, biomechanical assessments of the knee joint are 
required. The knee kinematics exhibited during the completion of functional tasks 
identified the joint angles and velocities that were subsequently used to express thigh 
musculature strength between female soccer playing ages. These predictive 
equations identified significantly higher values in senior aged female players across 
all defined phases of hopping tasks when compared to youths. Further analyses also 
revealed that the predicted eccKF strength values during initial ground contact were 
significantly lower than KE moments, thereby placing an increased demand of these 
musculature to counteract large forces where injury risk is increased (Li et al. 1999; 
MacWilliams et al. 1999; Chmielewski et al. 2002; Hewett and Myer, 2011; Benche et 
al. 2012; Norcross et al. 2013). As the sagittal and frontal plane knee biomechanics 
were not significantly different between female soccer playing ages, these predictive 
equations identify further differences that may influence increased injury risk in youth 
players (LeGall et al. 2008; Hartmut et al. 2008; Renstrom et al. 2008; Hägglund and 





The PT and DCR metrics determine isokinetic strength of the thigh musculature at 
slow testing velocities in soccer players, and lack functional relevance to movements 
associated with injury risk. Whilst angle and velocity specific measures of thigh 
musculature strength have increased functional relevance to those observed in 
movements associated with injury risk, the defined procedures are unable to quantify 
strength during the completion of these tasks. Determining angle and velocity specific 
strength of the thigh musculature from isokinetic dynamometry can be used to 
generate predictive equations, specific to female soccer playing age. In turn, these 
algorithms can be used to quantify thigh musculature strength following 
biomechanical assessments of the knee joint during functional tasks. The body of 
work comprised within the thesis has developed further methods for assessing and 
determining thigh musculature strength by identifying additional training needs of 
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